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ABSTRACT
Initiation and Growth of Multiple-Site Damage in the Riveted Lap Joint of a Curved 
Stiffened Fuselage Panel: An Experimental and Analytical Study 
Abubaker Ali Ahmed 
Jonathan Awerbuch, Ph.D. 
Alan Lau, Ph.D.  
Tein-Min Tan, Ph.D. 
 
 
 
 
As part of the structural integrity research of the National Aging Aircraft Research 
Program, a comprehensive study on multiple-site damage (MSD) initiation and growth in 
a pristine lap-joint fuselage panel has been conducted.  The curved stiffened fuselage 
panel was tested at the Full-Scale Aircraft Structural Test Evaluation and Research 
(FASTER) facility located at the Federal Aviation Administration William J. Hughes 
Technical Center.   A strain survey test was conducted to verify proper load application.  
The panel was then subjected to a fatigue test with constant-amplitude cyclic loading.  
The applied loading spectrum included underload marker cycles so that crack growth 
history could be reconstructed from post-test fractographic examinations.  Crack 
formation and growth were monitored via nondestructive and high-magnification visual 
inspections.   
Strain gage measurements recorded during the strain survey tests indicated that the inner 
surface of the skin along the upper rivet row of the lap joint experienced high tensile 
stresses due to local bending.  During the fatigue loading, cracks were detected by eddy-
current inspections at multiple rivet holes along the upper rivet row.  Through- thickness 
cracks were detected visually after about 80% of the fatigue life.  Once MSD cracks from 
two adjacent rivet holes linked up, there was a quick deterioration in the structural 
integrity of the lap joint.  The linkup resulted in a 2.87" (72.9-mm) lead fatigue crack that 
 xviii
rapidly propagated across 12 rivet holes and crossed over into the next skin bay, at which 
stage the fatigue test was terminated.  A post-fatigue residual strength test was then 
conducted by loading the panel quasi-statically up to final failure.  The panel failed 
catastrophically when the crack extended instantaneously across three additional bays. 
Post-test fractographic examinations of the fracture surfaces in the lap joint of the 
fuselage panel were conducted to characterize subsurface crack initiation and growth.  
Results showed evidence of fretting damage and crack initiation at multiple locations 
near the rivet holes along the faying surface of the skin.  The subsurface cracks grew 
significantly along the faying surface before reaching the outer surface of the skin, 
forming elliptical crack fronts.   
A finite element model (FE) of the panel was constructed and geometrically-nonlinear 
analyses conducted to determine strain distribution under the applied loads.  The FE 
model was validated by comparing the analysis results with the strain gage measurements 
recorded during the strain survey test.  The validated FE model was then used to 
determine stress-intensity factors at the crack tips.  Stress-intensity factor results 
indicated that crack growth in the lap joint was under mixed-mode; however, the 
opening-mode stress intensity factor was dominant.  The stress-intensity factors 
computed from the FE analysis were used to conduct cycle-by-cycle integration of 
fatigue crack growth.  In the cycle-by-cycle integration, the NASGRO crack growth 
model was used with its parameters selected to account for the effects of plasticity-
induced crack closure and the test environment on crack growth rate.  Fatigue crack 
growth predictions from cycle-by-cycle computation were in good agreement with the 
experimental measured crack growth data. 
 xix
The results of the study provide key insights into the natural development and growth of 
MSD cracks in the pristine lap joint.  The data provided by the study represent a valuable 
source for the evaluation and validation of analytical methodologies used for predicting 
MSD crack initiation and growth. 
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CHAPTER 1:  INTRODUCTION 
 
 
 
 
Since the 1988 Aloha Airlines accident, the problem of aging aircraft has received wide 
attention.  In that accident, the linkup of small fatigue cracks emanating from multiple 
rivet holes in a disbonded lap joint resulted in an explosive, midair decompression of the 
fuselage of a 19-year-old Boeing 737 airplane [1].  The Aloha airplane had exceeded its 
design service goal by more than 19,000 cycles and accumulated the second highest 
number of flight cycles among the worldwide Boeing 737 fleet at the time.  
In the years since Aloha accident, government agencies, aircraft manufactures, airline 
operators, and academic institutions worldwide collaborated in research programs that 
address the various aspects of structural degradation in aging aircraft.  In particular, 
research efforts have focused on three types of structural degradation [2]: 
 
• Widespread Fatigue Damage (WFD): “Characterized by the simultaneous 
presence of cracks at multiple structural details that are of sufficient size and 
density whereby the structure will no longer meet its damage tolerance 
requirement”.  
• Multiple-Site Damage (MSD): “A source of WFD characterized by the 
simultaneous presence of fatigue cracks in the same structural element”. 
• Multiple-Element Damage (MED): “A source of WFD characterized by the 
simultaneous presence of fatigue cracks in similar adjacent structural elements”. 
 
In order to clearly understand the causes and consequences of WFD, experimental 
investigations have been conducted with configurations ranging from uniaxial tensile 
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loading of open-hole specimens (e.g. [3]) to component testing (e.g. [4]) to full-scale 
pressurization tests of actual airplanes (e.g. [5]).  Data provided by such experimental 
investigations were used to validate various analytical tools that address the complex 
problem of WFD at several levels.  Both rigorous numerical methods and simplified 
engineering approaches have been developed to predict crack initiation, growth, linkup, 
and residual strength, e.g. [6, 7].  
Due to the prohibitively high costs associated with full-scale testing, experimental studies 
on WFD were conducted mostly on specimens that were not fully representative of the 
structural complexities of a fuselage.  For example, open-hole coupons loaded in pure 
tension do not account for the effects of rivet clamp-up force or bending stresses on crack 
growth behavior.  Flat lap-joint panels (with or without stiffeners) under uniaxial or 
biaxial loading account for only part of the bending stresses at the lap joint and, therefore, 
tend to overestimate fatigue life.  On the other hand, curved stiffened lap joint panels are 
the most representative test articles of fuselage structure short of full-scale testing.  
Although the manufacturing and testing of curved fuselage panels involve higher costs 
than simpler planer test specimens, they are more economically viable than full-scale 
fuselage pressurization testing.  Further discussion on some of the previous and recent 
studies investigating fuselage WFD and MSD is provided in chapter 2 of this dissertation. 
The National Aging Aircraft Research Program (NAARP) was initiated in 1988 by the 
Federal Aviation Administration (FAA) in response to Aloha accident.  Under the 
NAARP, FAA is conducting long-term research to ensure the continued airworthiness of 
high-time, high-cycle aircraft.  Research areas in the NAARP include structural integrity, 
corrosion, inspection systems, aircraft engines, airborne data monitoring systems, 
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maintenance and repair, and rotorcraft structural integrity [8].  As part of the structural 
integrity research of the NAARP, the Full-Scale Aircraft Structural Test Evaluation and 
Research (FASTER) facility was established in 1998 at the FAA William J. Hughes 
Technical Center in Atlantic City, New Jersey [9].  The FASTER facility is capable of 
testing full-scale curved-panel specimens under conditions representative of those seen 
by an aircraft in actual operation.  Experimental data provided by the FASTER facility 
was used for correlation and validation of various methodologies and criteria to analyze 
MSD [6].  The FASTER facility was used to study the effect of MSD on the fatigue crack 
growth and residual strength of curved fuselage panels [10].  Full-scale, generic, narrow-
body fuselage panels with either longitudinal lap joints or circumferential butt joints were 
tested.  Damage was inserted in those panels as either a lead crack only or a lead crack 
and small MSD cracks introduced at the rivet holes ahead of it.  The study found that 
MSD reduces the fatigue life of large lead cracks by 37%, and reduces the residual 
strength by 20%.  Further discussion on the FAA study on the effects of MSD on the 
structural integrity of the fuselage is presented in chapter 2.  
As discussed previously, a fair amount of research focused on predicting fatigue crack 
growth behavior in fuselage lap joints and on the effects of MSD on the structural 
integrity of the fuselage.  Such research programs provided key insights into the overall 
fatigue performance of fuselage lap joints.  However, the detailed characteristics of the 
initiation and early growth of MSD cracks in fuselage lap joints warrant additional 
research.  A clear understanding of the natural development of lap-joint MSD cracking 
under representative loading conditions is essential to the FAA’s goal of reducing the 
fatal accident rate.  Therefore, the main focus of the current study, conducted as part of 
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the NAARP, is on the initiation and growth of MSD cracks in the lap joint of a pristine, 
curved fuselage panel.  The results of the study will further expand the experimental basis 
available for the evaluation and validation of analysis methodologies used for predicting 
MSD initiation and growth. 
The overall objective of the current study is to characterize the natural development of 
MSD cracks in the fuselage panel under fatigue loading conditions.  A pristine, curved 
panel, representative of a generic narrow-body fuselage was selected for the study.  The 
panel contained a longitudinal lap joint and a stiffening substructure consisting of frames, 
stringers, and shear clips.  The size of the panel was relatively large resulting in minimal 
effects of the test fixture attachment points.  
The test program of the fuselage panel was completed at the FAA FASTER facility in 
October of 2002.  The experimental procedures followed in the test program are 
discussed in chapter 3.  The objective of the first phase of the test program was two-fold.  
The first objective was to ensure that the loading procedures of the FASTER fixture 
simulate a fuselage pressurization condition.  The second objective was to study strain 
distribution in the fuselage panel to identify locations where cracks were likely to 
develop.  The test panel was, therefore, subjected to quasi-static loading during which 
strain gage measurements were recorded at 64 locations on the skin and substructure 
(frames and stringers).  Strain distribution in the test panel was compared with the results 
of an independent verification test in which the aft section of a narrow-body fuselage was 
pressurized quasi-statically [11].  The results of the first phase of the test program are 
discussed in chapter 4. 
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The objective of the second phase of the test program was to develop and grow MSD 
cracks in the lap joint of the fuselage panel naturally under simulated flight loading 
conditions.  The panel was subjected to a constant-amplitude fatigue loading at an 
accelerated frequency.  The loading spectrum applied during the fatigue test included a 
programmed pattern of underload cycles with reduced maximum loads.  It was shown in 
previous studies that short-duration changes in the maximum fatigue load generate 
distinct marks (known as marker bands) on the fracture surfaces [12, 13].  Post-test 
fractographic examinations can then be conducted to reconstruct subsurface crack growth 
history by tracking these marker bands.  The initiation and growth of MSD cracks during 
the fatigue test were monitored and recorded using nondestructive eddy-current 
inspections and high-magnification visual inspections.  The eddy current system selected 
for crack inspections in the study was capable of detecting fatigue cracks hidden under 
the countersunk rivet heads.  Results of the fatigue test are discussed in chapter 5. 
In the third phase of the test program, the objective was to determine the residual strength 
of the fuselage panel under the resulting state of damage at the end of the fatigue test.  
The panel was subjected to quasi-static loads that were incremented gradually until final 
failure.  Crack extension during the residual strength test was measured visually using 
high-magnification cameras.  Strain gage measurements were continuously recorded.  
Results of the residual strength test are discussed in chapter 5. 
Post-test fractographic examinations of the fracture surfaces in the lap joint of the 
fuselage panel were conducted.  The objective of the fractographic examinations was to 
fully characterize subsurface crack initiation and growth.  This included: (i) determining 
crack initiation sites, (ii) reconstructing crack fronts by tracking marker bands introduced 
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by applying marker cycles during the fatigue test, (iii) measuring subsurface crack 
lengths and crack growth rates and correlation with the visual measurements, and (iv) 
estimating the driving force for subsurface crack growth by calculating the stress-
intensity factor range at the crack front.  In addition, subsurface crack length 
measurements were used to calibrate the eddy-current system that was used for crack 
inspections during the fatigue test.  Results of the post-test fractographic examinations 
are discussed in chapter 6. 
Analytically, a detailed finite element model of the fuselage panel was constructed.   The 
objective of constructing the model was two-fold: (i) to study strain distribution in the 
fuselage panel under the applied loads, and (ii) to determine the driving force for crack 
growth in the lap joint.  In order to validate the model, geometrically-nonlinear finite 
element analyses (due to large out-of-plane deformations) were conducted to predict 
strain distribution in the panel.  Analysis predictions were then compared with the strain 
gage measurements recorded during the strain survey test. 
Geometrically-nonlinear finite element analysis was conducted to evaluate the driving 
force for crack growth in the lap joint of the fuselage panel.  The finite element model 
was modified to simulate cracks in the lap joint.  Mixed-mode stress-intensity factors 
were calculated at the crack tips from the nodal displacement and internal forces obtained 
from the finite element analysis.  A crack growth model was used to calculate crack 
growth rates from the stress-intensity factors.  The selected crack growth model 
accounted for plasticity-induced crack closure and for the effect of the test environment 
on crack growth behavior.  Results of the fatigue crack growth analysis were correlated 
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with the experimental crack length measurements.  Details of the analytical simulations 
are discussed in chapter 7. 
A brief summary of the key results of the study is presented in chapter 8 along with 
recommendations for future research based on the current findings.  There are three 
appendices at the end of this dissertation, providing additional details of: (i) the results of 
the strain survey test (appendix A), (ii) the results of eddy-current inspections conducted 
during the fatigue test (appendix B), and (iii) the subsurface and visual crack length 
measurements (appendix C). 
The current study provides key insight into how, when, and where lap-joint MSD cracks 
develop in a pristine fuselage lap joint and into the subsequent crack growth process 
leading to catastrophic failure.  The study draws much of its value from the detailed 
experimental results obtained by testing a structure, representative of the complexities of 
a fuselage, under carefully-controlled fatigue loading conditions.  The analytical 
simulations conducted in this study provide a good assessment of the final stages of 
failure of the lap joint.  The data generated in this research work is a valuable addition to 
the knowledge base available for the evaluation and validation of analytical 
methodologies for predicting the behavior MSD.  
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The results of this study have been disseminated through several conference presentations 
and technical publications, as detailed in the following list: 
• Ahmed, A., Bakuckas, J., Awerbuch, J., Lau, A., and Tan, T., “Fatigue Testing of a 
Stiffened Lap Joint Curved Fuselage Structure”, AIAA Journal of Aircraft, Accepted for 
Publication. 
• Ahmed, A., Bakuckas, J., Awerbuch, J., Lau, A., and Tan, T., “Evolution of Multiple-Site 
Damage in a Narrow-Body Lap Joint Fuselage Panel” Proceeding of the 9th International 
Fatigue Congress, Atlanta, GA, 14 – 19 May 2006. 
• Ahmed, A., Bakuckas, J., Awerbuch, J., Lau, A., and Tan, T., “Fractographic 
Examinations and Analysis of Crack Nucleation and Growth in a Fuselage Lap Joint”, 
Proceedings of the 9th International Fatigue Congress, Atlanta, GA, 14 – 19 May 2006. 
• Ahmed, A., Bakuckas, J., Awerbuch, J., Lau, A., and Tan, T., “Experimental and 
Analytical Evaluation of Lap Joint Multiple-Site Damage” Proceedings of the 9th Joint 
FAA/NASA/DoD Conference on Aging Aircraft, Atlanta, GA, 6 – 9 March 2006 
• Ahmed, A. and Bakuckas, J. “Development of Multiple-Site Damage in Fuselage 
Structure”, FAA report, DOT/FAA/AR-05/38, September 2005. 
• Ahmed, A., Bakuckas, J., Awerbuch, J., Lau, A., and Tan, T., “Evolution of Multiple-Site 
Damage in the Riveted Lap Joint of a Fuselage Panel”, Proceedings of the 8th Joint 
FAA/NASA/DoD Conference on Aging Aircraft, Palm Springs, CA, 31 January – 3 
February 2005. 
• Ahmed, A., “Assessment of Widespread Fatigue Damage in Aging Aircraft Structures, 
An Overview of the FAA’s FASTER Facility Test Programs”, Presented at the Annual 
ASM Minnesota Chapter Seminar, Minneapolis, MN, 25 February 2004. 
• Ahmed, A., Bakuckas, Tan, P., J., Awerbuch, J., Lau, A., and Tan, T., “Evolution and 
Interaction of Multiple-Site Fatigue Damage in a Fuselage Lap Joint Curved Panel”, 
Proceedings of the 7th Joint FAA/NASA/DoD Conference on Aging Aircraft, New 
Orleans, LA, 8 – 11 September 2003. 
• Ahmed, A., Bakuckas, J., Bigelow, C., Tan, P., Awerbuch, J., Lau, A., and Tan, T., 
“Initiation and Distribution of Multiple-Site Damage in a Fuselage Lap Joint Curved 
Panel”, 6th Joint FAA/NASA/DoD Conference on Aging Aircraft, San Francisco, CA, 16 
– 19 September 2002. 
• Ahmed, A., Bakuckas, J., Bigelow, C., Tan, P., Awerbuch, J., Lau, A., and Tan, T., 
“Initiation and Distribution of Fatigue Cracks in a Fuselage Lap Joint Panel”, 
Proceedings of the 5th Joint FAA/NASA/DoD Conference on Aging Aircraft, Orlando, 
FL, 10 – 13 September 2001. 
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2.1. Preface  
In April of 1988, Aloha Airlines flight 243 experienced an explosive midair 
decompression at a cruising altitude of 24,000 feet.  An 18-foot section of the skin of the 
upper fuselage crown separated from the Boeing 737-200 airplane, from slightly aft of 
the main cabin door to the area just forward of the wings and from the floor level on the 
left side to the window level on the right side, Figure 2.1.   The Boeing 737 airplane in 
Aloha accident had been in service for 19 years during which it had accumulated 89,680 
flight cycles (second highest number of flight cycles in the worldwide Boeing 737 fleet at 
the time) and 35,496 flight hours [1].  The airplane had been in service more than 19,000 
cycles beyond its design service goal.  
The accident report issued by the National Transportation Safety Board (NTSB) 
concluded, in part, that [1]: 
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Aircraft: Boeing 737-200
Placed in Service: 1969
Flight Hours: 35,496
Flight Cycles: 89,090
 
Figure 2.1.  Photos of the airplane in the Aloha accident of April 1988.  An 18-foot section of the 
fuselage crown of the 19-year-old Boeing 737 separated during flight. 
 
MSD 
Cracks
 
Figure 2.2.  Multiple-site fatigue cracks at rivet holes in a lap joint. 
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• “The fuselage failure initiated in the lap joint along S-10L; the failure mechanism 
was a result of multiple-site fatigue cracking of the skin adjacent to rivet holes 
along the lap joint upper rivet row and tear strap disbond which negated the fail-
safe characteristics of the fuselage.”  Figure 2.2 shows an example of lap-joint 
multiple-site fatigue cracks. 
• “The fatigue cracking initiated from the knife edge associated with the 
countersunk lap joint rivet holes; the knife edge concentrated stresses that were 
transferred through the rivets because of lap joint disbonding.” 
 
Post-accident eddy current inspections conducted on selected portions of the remaining 
fuselage lap joints of the Aloha airplane showed crack indications at 53 rivet holes.  In 
addition, destructive inspections of lap joint samples removed from the airplane revealed 
extensive cracking at the rivet holes in the upper row.  It was estimated from 
fractographic examinations that some of the cracks in those lap joint samples initiated as 
early as 23,000 flight cycles.  As concluded by the NTSB report, the presence of fatigue 
cracks at multiple rivet holes along the lap joint, combined with the disbond of the tear 
strap, resulted in the failure of the flapping mechanism.  That is, the ability of the 
fuselage structure to turn the longitudinal crack that was formed by the linkup of multiple 
small cracks.  Crack turning at the location of a tear strap or stiffener is essential for a 
safe decompression of the fuselage [2].  
The failure in Aloha accident brought attention to the problem of aging aircraft structure.  
Due to economic pressures, airplanes are being operated beyond their original design 
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service goals.  As the average age of the worldwide commercial airplane fleet continues 
to increase, structural degradation becomes an increasing concern.  In the wake of Aloha 
accident, the problem of MSD received particular attention.  Riveted fuselage lap joints 
are susceptible to MSD cracks that develop at the rivet holes.  In the case of countersunk 
rivet holes, cracks usually develop under the rivet heads and are difficult to detect by 
conventional nondestructive inspection (NDI) techniques.  The occurrence of MSD can 
lead to loss of damage tolerance capability, a basic assumption in the design of modern 
commercial transport airplanes [3, 4].  Previous and current research programs focused 
on the characteristics of MSD in transport aircraft fuselage lap joints through full-scale 
fuselage testing, sub-scale testing, and analytical simulations.  Some of these studies are 
highlighted in the following sections. 
 
2.2. MSD in Fuselage Lap Joints  
Detailed visual, nondestructive, and destructive examinations were conducted at NASA 
Langley Research Center (LaRC) on a lap joint structure that was removed from a full-
scale fuselage test article subjected to 60,000 pressurization cycles1.  As a result of this 
effort, “an extensive database has been developed to form the physical basis for new 
analytical methodology to predict the onset of widespread fatigue damage in the fuselage 
lap splice joint” [5].  The lap joint structure extended across six frame bays and included 
four rows of countersunk rivets.  The state of damage was fully documented by visual 
examinations.  Nondestructive inspections were then conducted using a number of 
                                                 
 
1 Limited information about the pressurization test procedures and the applied loading was given in 
reference 5. 
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standard techniques, including eddy current, ultrasound, and radiography.  Fractographic 
examinations were also conducted to reconstruct subsurface crack growth.  A scanning 
electron microscope (SEM) was used to trace back fatigue marker bands that were 
introduced during the pressurization test by applying underload pressure cycles every 
10,000 cycles.  
Some of the key findings of the NASA work are listed below: 
• All visible cracks in the lap joint were located in the upper rivet row, including a 
19" (483-mm) long crack that resulted from the linkup of small MSD cracks 
during the pressurization test. 
• Fatigue cracks were detected in the outer and inner skin sheets at 45% of the rivet 
holes that were examined under the SEM.  Fractographic examinations revealed 
that cracks initiated at about 5,000 to 15,000 pressurization cycles. 
• Cracks in the outer skin sheet initiated at the inner (faying) surface primarily as a 
result of fretting.  Cracks in the inner skin sheet resulted from damage at the rivet-
hole corner and on the rivet-hole surface.  
• Cracks in the outer skin sheet grew considerably along the faying surface before 
appearing on the outer surface of the skin.  Consequently, all crack-front shapes 
were elliptical.  As probable causes for this crack growth behavior, the study 
pointed to: (i) high tensile stresses along the faying surface (resulting from 
bending), and (ii) compressive residual stresses around the rivet hole on the outer 
surface. 
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• Cracks from different rivet holes located in the upper rivet row of the lap joint 
propagated at similar crack growth rates.  This conclusion suggests fracture 
mechanics methodologies may be used to predict the growth behavior of such 
cracks. 
 
Similar results were reported by Wanhill and van der Hoeven [6, 7]  in a study on MSD 
cracking and corrosion in fuselage lap joints.  In that comprehensive study, conducted at 
the National Aerospace Laboratory of the Netherlands (NLR), destructive evaluations 
were carried out on lap joint curved panels removed from several service airplanes and 
from a full-scale fuselage test article.  The study found that early MSD crack growth rates 
(crack lengths of 0.0012" – 0.2" (0.03 mm – 5.0 mm)) were very similar.  For that range 
of crack lengths, all crack growth rates were greater than 4×10-7 inches/cycle (10-5 
mm/cycle). 
Another key finding of the NLR study was that the estimated MSD crack initiation life 
represented a significant fraction of the total fatigue life.  MSD crack initiation life was 
defined as “the fatigue life beyond which there is a regular process of crack growth in the 
2024-T3 aluminum alloy matrix” [6].  The study also concluded that, for 2024-T3 alclad 
aluminum fuselage lap joints, there is no primary association between MSD crack 
initiation and corrosion.  
In a study sponsored by the FAA, several fuselage lap joint panels were removed from a 
retired Boeing 727 passenger airplane for extended fatigue testing and destructive 
evaluation [8, 9, 10, 11, 12].  The selected airplane was near its design service goal; it 
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was in service from 1974 to 1998 during which 59,497 flight cycles and 66,412 flight 
hours were accumulated.  Panels containing longitudinal lap joints were removed from 
the fuselage crown along stringers S-4R and S-4L, as shown in Figure 2.3.  Detailed 
nondestructive inspections, using both conventional and emerging methods, were 
conducted before and after the removal of the panels.  Those inspections revealed more 
than 150 crack indications at the lower skin, lower rivet row of the lap joint along the 
right side of the aircraft forward of the wing.  In contrast, only a few NDI indications 
were recorded in the same frame bays along stringer S-4L on the left side of the aircraft 
[9, 11].  Accordingly, panels on the right side of the airplane were removed for 
destructive examinations while panels on the left side were subjected to extended fatigue 
testing at the FASTER facility [12]. 
 
S-4L
S-4R
Extended fatigue testing
Destructive evaluation
Panel FT1 FT2 FT3
FT4
 
Figure 2.3.  A schematic showing the locations of panels removed from a retired Boeing 727 
airplane for extended fatigue testing and destructive evaluation [8]. 
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Destructive examinations of rivet holes along stringer S-4R on the right side of the 
airplane were conducted to characterize the state of damage [11].  Results revealed 
significant fatigue cracking, consistent with the results of NDI.  Multiple cracks were 
detected at two or more rivet holes in each of the bays examined.  In about 90% of these 
rivet holes, two cracks or more were detected per rivet hole; in some cases up to eight 
cracks were detected per rivet hole.  The distribution of crack lengths across frame bays 
did not correlate with the hoop stress distribution; i.e. the longest cracks were not always 
detected at rivet holes located in the mid-bay area where the hoop stress is known, from 
previous studies, to be the highest [13].  This last finding suggests that the behavior of 
MSD cracking is not completely governed by the stress level.  Other localized effects, 
such as rivet-hole quality and local residual stresses at the rivet hole, can significantly 
influence crack initiation and growth. 
One of the panels removed from the left side of the airplane, along stringer S-4L, was 
subjected to 43,500 additional fatigue cycles at the FASTER facility.  No cracks were 
detected until the end of the test which was terminated due to premature failure at the 
loading points [14].  Preliminary destructive inspections of rivet holes in the lap joint of 
this left-side panel revealed no cracks of substantial length.  In comparison to the lap joint 
along S-4R, the overall manufacturing quality of the joint along S-4L was found to be 
better, Figure 2.4.  Rivet installation, rivet-hole spacing, and rivet-row spacing were 
found to be more uniform in the lap joint along stringer S-4L.  The large discrepancy in 
lap joint cracking behavior between the left and right sides of the Boeing 727 airplane 
demonstrates the effects of rivet-hole and joint installation quality on the overall fatigue 
life. 
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In addition to rivet-hole and joint installation quality, MSD initiation and growth is 
influenced by the local stress field in the lap joint.  In particular, the presence of bending 
stresses was shown to have a significant impact on crack initiation and growth behavior.  
Further discussion on the effects of rivet-hole quality and the bending stresses on MSD 
initiation and growth is presented in the next sections. 
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Figure 2.4.  Images of rivet cross-sections comparing rivet-hole quality and rivet installation 
along (a) stringer S-4L, where no cracks were detected, and (b) stringer S-4R, where significant 
cracking was detected [14]. 
 
 
2.2.1. Effect of Rivet-Hole Quality and Rivet Squeeze Force 
The manufacturing quality of rivet holes has a significant impact on MSD crack initiation 
and growth behavior and on the overall fatigue life of fuselage lap joints.  The presence 
of manufacturing defects, such as gouges, surface scratches, and edge deformation, leads 
to stress concentration that may, eventually, result in fatigue crack nucleation.  Another 
important factor in the riveting process is the amount of force applied during rivet 
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installation, also referred to as the rivet squeeze force or clamp-up force.  A rivet installed 
by applying a small force is said to be underdriven; a rivet installed by applying 
excessive force is said to overdriven.  The rivet squeeze force can substantially alter 
stress distribution around the rivet hole resulting in changes in the fatigue performance of 
the joint.  It will be shown in the current study that residual stresses associated with the 
rivet squeeze force influenced crack initiation and growth behavior in the lap joint.  Thus, 
a discussion of   some of the studies that investigated the effects of rivet-hole quality and 
squeeze force on MSD behavior in fuselage lap joints is warranted.  
As part of the teardown program of the Boeing 727 airplane discussed in the previous 
section, the effects of rivet installation and the quality of rivet holes and faying surface on 
cracking behavior were investigated [15].  Rivet installation was assessed by measuring 
rivet-tail diameter and comparing it to the manufacturer specifications.  For the lap joint 
along S-4R on the right side of the airplane, 57% of the rivets were found to be 
underdriven, 40% were within specifications, and 3% were overdriven.  Destructive 
examinations of the joint showed that about 90% of the cracked rivet holes had rivets 
which were underdriven.   
As part of the same study, a preliminary attempt was made to quantify the severity of 
defects in the rivet holes and on the faying surface.  A “single defect parameter” was 
introduced to compound the various rivet-hole and faying-surface defects.  The larger the 
defect parameter is, the higher the relative degree of severity of defects.  For the number 
of rivet holes studied, results showed that the extent of cracking (i.e. crack lengths and 
density) at the holes was independent of the severity of defects as characterized by the 
single defect parameter.  In order to establish a trend, a larger number of rivet holes may 
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have to be considered.  However, high rivet clamp-up force can significantly alter the 
stress field around the rivet hole (as will be discussed below) and may overshadow the 
effects of rivet-hole defects.  Therefore, rivet clamp-up force should be incorporated in 
the formulation of the defect parameter. 
Atre and Johnson [16], in a parallel FAA-sponsored study, conducted experimental and 
analytical investigations of the effect of some of the rivet-installation practices on lap 
joint fatigue behavior.  The study focused on three parameters: (i) hole-drilling 
procedure: either piloted and drilled or drilled in a single-step, (ii) rivet installation 
quality: either underdriven, per specifications, or overdriven, and (iii) type of sealant 
applied between the skin and doubler.  Fatigue testing was conducted on a series of two-
rivet lap-joint specimens made of 2024-T3 aluminum.  A three-dimensional finite 
element model was developed to simulate the riveting process and to obtain the resulting 
residual stresses.  In the finite element model, the riveting process was simulated by 
applying axial displacement at the rivet tail while fixing its head.  Rivet installation 
quality (underdriven, per specifications, or overdriven) was controlled by varying the 
amount of applied displacement at the rivet tail. 
The experimental results of this study indicated that the fatigue life of the specimens with 
overdriven rivets was slightly increased.  Specimens with underdriven rivets, on the other 
hand, failed consistently sooner than those with per-specifications or overdriven rivets.  
The reduction in fatigue life due to underdriven rivets ranged from 43% to 67%.  Results 
also showed that the effects of rivet-hole quality on fatigue life were greater for the 
specimens with underdriven rivets.  Finite element analyses of underdriven rivets showed 
a high tensile stress field at the edge of the rivet hole.  For overdriven rivets, analysis 
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indicated that the tensile stress field at the edge of the rivet hole was replaced by a 
compressive stress field.  The location of high tensile stresses, consequently, moved a 
short distance outside the rivet hole.  
The findings of Atre and Johnson are in agreement with the results of a comprehensive 
experimental and analytical study on the effect of rivet squeeze force on the fatigue 
behavior of 2024-T3 aluminum lap joints by Muller [17].  In that study, it was found that 
high rivet squeeze forces result in a compressive residual stress field around the rivet 
hole.  The residual stress field becomes tensile at a small distance away from the rivet 
hole.  Accordingly, fatigue cracks tend to initiate at the edge of the rivet hole in the case 
of underdriven rivets and at a small distance outside the rivet hole in the case of 
overdriven rivets, as indicated by fractographic observations.  Muller also concluded that 
a larger rivet squeeze force slightly decreases local bending in the lap joint.   
In conclusion of the studies discussed in this section, manufacturing defects, such as 
gouges, surface scratches, and edge deformation, can lead to fatigue crack initiation.  
There seems to be no direct correlation between the severity of defects and the extent of 
cracking (i.e. crack lengths and density).  This lack of direct correlation can be attributed 
to the effect of rivet clamp-up force which may significantly alter the stress distribution 
around the rivet hole.  Compressive stresses at the edge of the rivet hole resulting from 
high rivet squeeze force promote crack initiation outside the rivet hole.  Moreover, these 
compressive stresses slow down crack growth across the thickness of the skin.  This 
effect becomes more pronounced in the presence of high local bending, as discussed in 
the next section 
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2.2.2. Effect of Local Bending at the Lap Joint 
Fuselage lap joints experience complex stress fields that include bending due to: (i) 
eccentricity in the geometry of the lap joint and (ii) higher out-of-plane displacement at 
the skin mid-bay than at the stiffener locations.  Bending in lap joints is referred to as 
local or secondary bending as opposed to primary bending of the entire fuselage, which 
results in, primarily, longitudinal stresses.  The severity of local bending is commonly 
expressed in terms of the bending factor, kb, defined as: 
 
m
bk σ
σ=b  (2.1) 
where bσ  is the bending stress and mσ  is the membrane (tension) stress.  Alternatively, 
the ratio of bending strain, bε , to membrane strain, mε , is used to quantify the severity of 
local bending. 
Bending is inherent in riveted fuselage lap joints.  A pressurization test of a Boeing 737 
airplane was conducted at NASA Langley Research Center to measure the strains and 
displacement fields near a lap joint [18].  Strain gages were installed on the outer and 
inner surfaces of the 2024-T3 aluminum skin of the airplane in order to measure 
membrane and bending strains.  Direct Current Differential Transformers (DCDT) were 
installed across two skin bays to measure the out-of-plane displacement of the skin.  The 
airplane was pressurized to a differential pressure of 6.2 psi (42.7 kPa) while on the 
ground using the auxiliary power unit.  Measurements showed significant bending in the 
three-rivet-row lap joint of the Boeing 737 fuselage in both the hoop and longitudinal 
directions.  The highest bending strain measurements were recorded near the bottom and 
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top rivet rows of the lap joint.  The ratio of bending to membrane strains in the hoop 
direction was about -1.5 near the bottom rivet row, making it critical.  The negative sign 
indicates that hoop strain was higher on the inner surface than on the outer surface of the 
skin.  Measurements of the displacements showed that out-of-plane displacement of the 
skin at the mid-bay location was about three times as high as that measured at the lap 
joint location directly above the stringer. 
Local bending in riveted fuselage lap joints is a nonlinear function of the applied internal 
pressure [19].   The magnitude of bending stress depends on the geometry of the lap joint, 
including: (i) thicknesses of the skin sheets and doublers, (ii) number of rivet rows, (iii) 
rivet-hole diameter, (iv) rivet spacing (pitch), and (v) rivet-row spacing.  Silva [20] tested 
two- and three-rivet-row flat 2024-T3 aluminum lap joint specimens by applying a 
maximum tensile stress of 14.5 ksi (100 MPa).  The thickness of the skin sheet in that 
study was 0.063" (1.6 mm).  The resulting bending factor (ratio of bending to membrane 
stress) in response to the same maximum applied tensile load was 0.32 for the two-rivet-
row specimens and 0.18 for the three-rivet-row specimens. 
Local bending has a significant impact on the initiation and growth of MSD cracks in 
fuselage lap joints.  Cracks tend to initiate at the inner surface of the skin as a result of 
high tensile stresses associated with local bending.  In addition, high bending stresses 
result in varying crack growth rates across the thickness of the skin sheet; cracks tend to 
grow faster along the inner surface of the skin. 
Fawaz [21] conducted experiments on two-rivet-row flat lap joint specimens in which he 
controlled the resulting bending stresses by varying the sheet thickness, rivet-hole 
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diameter, and rivet row spacing, Figure 2.5.  As part of the study, the effect of local 
bending on the crack front shape in flat, two-row lap joint specimens was investigated.  
Four specimen configurations were tested with rivet-row pitch ranging from 0.63" to 
1.89" (16.0 to 48.0 mm) resulting in bending factors ranging from 1.99 to 1.25, 
respectively, in response to a maximum applied tensile stress of 14.5 ksi (100 MPa).  For 
all specimens, the skin thickness was 0.079" (2.0 mm) and the rivet-hole diameter was 
0.189" (4.8 mm).  Two specimens were tested from each of the four configurations.  The 
first of each two similar specimens was fatigue-tested until final failure in order to 
estimate the fatigue life.  The second specimen was fatigue-tested up to 90% of the 
estimated fatigue life and then loaded quasi-statically until failure.  For all cracks that 
developed at the rivet holes, crack depth and crack length along the inner surface of the 
skin were measured using an optical microscope. 
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Figure 2.5.  Flat lap joint specimens tested in reference [21] to investigate the effect of rivet-row 
pitch on local bending (all dimensions are in inches). 
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For the four configurations tested, the ratios of the crack depth to length decreased as the 
bending factor increased, Figure 2.6 as a function of the bending factor.  The datapoint at 
a bending factor of 1.25 is for crack shapes measured at 80% of the fatigue life (crack 
shapes at 90% of the fatigue life for that bending factor were not available).  As the 
bending factor increased, the average crack depth to length ratio continuously decreased, 
indicating faster crack growth along the inner surface of the skin than across the 
thickness.  The scatter in the results was quite large.  The datapoints in Figure 2.6 
represent the average of 13 to 16 measurements.  Therefore, the indicated trend should be 
considered as qualitative only [21]. 
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Figure 2.6.  The average ratio of crack depth to crack length decreases as the bending factor (the 
ratio of bending to membrane stresses) is increased.  Each data point represents the average of 13 
to 16 measurements [21].  
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Phillips [22] investigated the effect of local bending on crack growth behavior in center-
cracked coupons made of 0.04" (1.02-mm) thick alclad and 0.09" (2.29-mm) thick bare 
2024-T3 aluminum.  Strain gages were installed on the front and back surfaces of the 
specimens to measure membrane and bending strains.  The tests were conducted at 
bending factors of 0.0, 0.75, and 1.5.  The bending factor was controlled by varying the 
eccentricity between the specimen and the loading fixture.  The tests were repeated with 
several maximum load levels resulting in maximum membrane stresses ranging from 5.8 
to 11.5 ksi (40.0 to 79.3 MPa).  Crack lengths were measured using optical microscopes. 
The study concluded that local bending has more effect on the initiation and early growth 
of cracks than it does on the growth of long cracks.  Fatigue cracks initiated at the tips of 
the notch on the back surface of the specimens (where hoop strain is high) and 
propagated as part-through cracks before, later, appearing on the front surface (where 
hoop strain is low).  Cracks then grew faster along front surface than the back surface; the 
difference in crack length between the two surfaces gradually decreased but did not 
completely vanish.  In addition, results indicated that the presence of bending stresses 
caused an increase in crack growth rates, especially during early crack growth.  This 
effect was more significant for the 0.09" (2.29-mm) thick bare aluminum specimens 
(compared to the 0.04" (1.02-mm) thick alclad specimens) where crack growth rates 
increased by a factor of two when the ratio of bending to membrane stress was increased 
from 0.0 to 1.5.  Fatigue life was always reduced as a result of local bending.  For the 
0.09" (2.29-mm) thick specimens, fatigue life under a bending factor of 1.5 was as short 
as 33% of the life under a bending factor of 0.0. 
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The results of Phillips’ study are in general agreement with the findings of Lanciotti and 
Polese [23] who tested 0.118" (3-mm) thick 6013-T6 aluminum plates under combined 
membrane and bending stresses with bending factors ranging from 0.0 to 2.23.  They 
reported significant increases in crack growth rates for tests conducted under high 
bending factors.  Their results indicated a decrease in the bending stresses with the 
increase in crack lengths due to reduction in the stiffness of the specimens.  This last 
finding explains why local bending has greater effects on the initiation and early growth 
of cracks. 
In conclusion of the studies reviewed in this section, local bending has a significant effect 
on the initiation and growth of MSD cracks in lap joints.  As a result of high tensile 
stresses associated with local bending, cracks tend to initiate at the inner surface of the 
skin.  Consequently, crack growth rates vary across the thickness of the skin sheet; cracks 
grow faster along the faying surface.  The ratios of crack depth to length decrease as the 
bending stress is increased.  Local bending was shown to have more effect on the 
initiation and early growth of cracks than it does on the growth of long cracks. 
In the current study, a curved fuselage panel was tested by applying cyclic internal 
pressure.  The applied loading resulted in higher out-of-plane displacements at the skin 
mid-bays than at the stiffener locations.  Moreover, due to the built-up structure of the 
current lap joint, which included two layers of skin and two layers of doubler, 
eccentricity was relatively high.  Consequently, strain results indicated high local bending 
at the lap joint of the fuselage panel in the current study.  It will be shown that subsurface 
crack fronts were elliptical and that cracks grew significantly along the faying surface 
before reaching the outer surface of the skin due, in part, to high local bending. 
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In the next section, some of the studies that investigated the effects of MSD on fatigue 
crack growth behavior and on the residual strength of fuselage structure will be reviewed. 
 
2.3. Effect of MSD on the Structural Integrity of the Fuselage 
The effect of MSD cracks on the structural integrity of fuselage structure is a topic that 
has been extensively investigated in the literature [24-29].  The key effects are: 
 
• Reducing the residual strength by significantly reducing the length of the longest 
crack that the structure can sustain before catastrophic failure. 
• Expediting the onset of unstable crack growth. 
• Causing the structure to loose the capability to arrest or redirect cracks when 
unstable crack growth occurs. 
 
As part of the FAA aging aircraft program, experimental and analytical studies were 
conducted to assess the effects of MSD on the fatigue crack growth and residual strength 
of fuselage structure [24, 25]. The purpose of the studies was to provide experimental 
data to support and verify analysis methodologies to assess the effects of WFD and MSD 
[26]. 
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Curved panels representative of generic narrow-body fuselage structure were tested in 
these studies.  The panels were fabricated according to the original equipment 
manufacturing (OEM) specifications.  In total, four panels were tested; two panels 
contained longitudinal lap joints (panels CVP1 and CVP2) and two contained 
circumferential butt joints (panels CVP3 and CVP4) [24].  Typical panel dimensions 
were 120" (3.0 m) in the longitudinal direction and 68" (1.73 m) in the circumferential 
direction with a radius of 66" (1.68 m), as shown in Figure 2.7.  For all four panels, the 
skin was made of 0.063" (1.6-mm) thick 2024-T3 aluminum.  Each panel had six frames 
with a 19" (482.6-mm) spacing and seven stringers with a 7.5" (190.5-mm) spacing. 
The panels were tested at the FAA’s FASTER facility [27].  Prior to testing, initial 
damage was pre-inserted in all four panels.  The initial damage configurations for the 
four panels are listed in Table 2.1.  For the lap-joint panels, a 7.0" (177.8-mm) saw cut, 
representing a lead crack, was machined in the skin along the upper critical rivet row of 
the lap joint symmetrically across frame F4.  Additionally, in the lap-joint panel CVP2, 
multiple short wire cuts, ranging in length from 0.05" to 0.15" (1.27 mm to 3.81 mm), 
were machined in the first 16 rivet holes to the left and the first 16 rivet holes to the right 
of the lead crack to simulate MSD.  For the butt-joint panels, a 7.0" (177.8-mm) saw cut 
was machined in the skin along the critical outer rivet row of the joint, symmetrically 
across the middle stringer, S4, which was also cut.  Additionally, in the butt-joint panel 
CVP4, multiple short wire cuts, ranging in length from 0.05" to 0.1" (1.27 mm to 2.5 
mm), were machined in the first 12 rivets to the left and the first 12 rivet holes to the right 
of the lead crack to simulate MSD. 
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Figure 2.7.  Configuration of the fuselage panels tested in the previous FAA studies (all 
dimensions are in inches) [24]. 
 
 
Table 2.1. The test matrix for the FAA curved panel study [24]. 
Panel Joint Configuration Initial Damage 
CVP1 Lead Crack only 
CVP2 Longitudinal Lap Joint Lead Crack with MSD 
CVP3 Lead Crack only 
CVP4 Circumferential Butt Joint Lead Crack with MSD 
 
 
 
The panels were subjected to constant-amplitude cyclic loads including internal pressure 
and the balancing tensile loads in the hoop and longitudinal directions.  The maximum 
applied internal pressure was 10.1 psi for the lap-joint panels and 8.8 psi for the butt-joint 
panels.  Post-fatigue residual strength tests were conducted by loading the panels 
statically until catastrophic failure. 
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A comparison of the skin mid-bay hoop strain measurements in the lap-joint panels 
CVP1 (containing a lead crack only) and CVP2 (containing a lead crack and MSD) is 
shown in Figure 2.8.  The plot shows only minor differences in the maximum hoop strain 
measurements from the two panels.  Strain measurements indicated that the presence of 
MSD cracks had negligible effects on the overall deformation of the panels.  Similar 
results were obtained for the longitudinal strain measurements at the skin mid-bays of the 
two butt-joint panels. 
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Figure 2.8.  Comparison of the hoop strain measurements at the skin mid-bay locations in the lap-
joint panels CVP1 and CVP2 at a pressure of 10.1 psi [24]. 
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The presence of MSD cracks resulted, however, in a significant reduction in the number 
of cycles required to grow the lead crack to a pre-determined length.  Measurements of 
the half length of the lead crack, as a function of the number of fatigue cycles, are shown 
in Figure 2.9 for panels CVP1 and CVP2.  The circular and square symbols represent the 
measured crack lengths at both the left and the right crack tips, respectively, for each 
panel.  In general, crack extension at both ends was symmetric in both panels.  As the 
crack length increased, there was significant out-of-plane deformation (bulging) of the 
skin on the crack side opposite to the lap joint.  For panel CVP1, which did not contain 
MSD, the vertical jumps in the plot indicated crack extension across a rivet hole, where 
the crack length increased instantaneously by the diameter of the rivet hole.  The 
horizontal segments in the plot indicate the number of cycles before the crack reformed 
on the opposite side of the rivet hole (incubation period).  As the crack length increased, 
these incubation periods became shorter, as expected, due to the larger crack driving 
force.  For panel CVP2, which contained a lead crack and MSD, the vertical jumps in the 
experimental data indicate linkup of the lead crack and the small cracks at an adjacent 
rivet hole.  There were no incubation periods.  The number of cycles needed to grow the 
lead crack to the final length of 12.5" (317.5 mm) in panel CVP2 was about 37% less 
than that in panel CVP1, showing the significant impact of MSD, as discussed earlier. 
Similar results were obtained for the butt-joint panels (CVP3 and CVP4).  The number of 
cycles required to propagate the crack to the location of the first intact stringer in panel 
CVP4, which contained a lead crack and MSD, was approximately 27% less than that in 
panel CVP3, which contained a lead crack only. 
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Figure 2.9.  Half length of the lead crack as a function of number of cycles for the lap-joint panels 
CVP1 and CVP2.  Locations of the rivet holes on both sides of the crack are indicated by open 
circles [24]. 
 
 
At the beginning of the residual strength test, the total crack length was approximately 
25" (635 mm) for the lap-joint panels.  Additionally, the frame directly underneath the 
crack centerline was cut prior to loading to simulate a broken frame.  Crack growth as a 
function of the applied pressure for the two lap joint-panels is shown in Figure 2.10.  
During the initial stages of loading, slow stable crack extension was observed in both 
panels up to a pressure of 10.25 psi for panel CVP1 (which contained a lead crack only) 
and 8.5 psi for panel CVP2 (which contained a lead crack and MSD).  There was a brief 
period of rapid crack growth followed by crack arrest at the first intact frames on the left 
and right sides in both panels.  As the pressure was increased, cracks grew stably past 
both frames in both panels.  Catastrophic failure occurred at a pressure of 11.14 psi for 
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panel CVP1 and 9.16 psi for panel CVP2.  The presence of MSD resulted in a reduction 
of approximately 20% in the residual strength.  One of the butt-joint panels (CVP3) failed 
prematurly at the load application points during the residual strerngth test.  Therefore, no 
camparisons were availalbe for the butt-joint panels. 
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Figure 2.10.  Extension of the lead crack during residual strength tests of the lap-joint panels 
CVP1 and CVP2.  Locations of the frames on both sides of the crack are indicated by vertical 
dashed lines [24]. 
 
Results similar to those of the previous FAA curved panel studies were reported in an 
analytical evaluation of the damage tolerance and residual strength capabilities of the 
fuselage of the KC-135 airplane [28, 29].  The study investigated the effects of the size of 
MSD and the size of the lead crack on the damage tolerance and residual strength of the 
KC-135 fuselage.  Cracking configurations with various lead crack and MSD sizes were 
simulated using the fracture mechanics codes STAGS [30] and FRANC3D [31].   
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For a 2024-T3 aluminum lap joint located in the KC-135 forward fuselage structure, 
results indicated that the presence of MSD cracks with a lead crack had the most 
significant impact on the residual strength, resulting in a reduction of up to 28% in the 
maximum allowable internal pressure.  Varying the size of MSD cracks from 0.025" to 
0.046" (0.635 to 1.168 mm) resulted in a change in the residual strength of only 4%. 
 
In conclusion of the studies reviewed in this section, it was shown that the presence of 
MSD in a fuselage structure reduces damage tolerance capability by reducing the size of 
the longest crack that the structure can sustain before catastrophic failure.  Due to crack 
interaction, the presence of MSD expedites the onset of unstable crack growth.  
Moreover, a fuselage structure containing MSD looses the capability to arrest or redirect 
cracks when unstable crack growth occurs.   
 
Previous research on lap-joint MSD was conducted, mostly, either on specimens that 
were not fully representative of the fuselage or ones that included initial damage.  The 
main focus was on predicting fatigue crack growth behavior in fuselage lap joints and on 
the effects of MSD on the structural integrity of the fuselage.  One area that remains 
largely lacking is the natural initiation and early growth of MSD in representative 
fuselage lap joints under realistic loading conditions. 
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2.4. Current Study 
The current study focuses mainly on the initiation and growth of MSD cracks in the lap 
joint of a pristine curved fuselage panel.  The panel selected for the study was 
representative of a generic narrow-body fuselage; it contained a longitudinal lap joint and 
a stiffening substructure consisting of frames, stringers, and shear clips.  The size of the 
panel was relatively large in order to obtain a uniform strain distribution within the test 
section by minimizing the effects of the test fixture attachment points. 
Experimental investigations were conducted to characterize MSD behavior in the lap 
joint of the fuselage panel using nondestructive and destructive examinations.  Strain 
distribution in the panel was examined during a quasi-static test to ensure proper loading 
and to identify locations where cracks are likely to develop.  In order to initiate and grow 
cracks naturally, the panel was subjected to a programmed fatigue loading that included 
baseline cycles of constant-amplitude loads and marker cycles with reduced maximum 
loads.  The purpose of applying marker cycles was to introduce marker bands on the 
fracture surfaces so that crack growth history could be reconstructed from post-test 
fractographic examinations.  During the fatigue test, crack formation and growth were 
monitored and recorded using high-magnification visual inspections and eddy current 
inspections.  Since cracks were expected to initiate under the countersunk rivet heads, the 
eddy current system used for crack inspections in the study was capable of detecting 
hidden cracks without requiring the removal of the rivets. 
In order to determine the residual strength of the fuselage panel, a residual strength test 
was conducted after completing the fatigue test.  The panel was subjected to quasi-static 
loading until final failure.  Crack extension during the residual strength test was measured 
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visually using high-magnification cameras.  Strain gage measurements were continuously 
recorded. 
Post-test fractographic examinations were conducted to reconstruct crack growth history.  
Fracture surfaces were examined under an SEM to determine crack initiation sites, 
measure subsurface crack sizes and crack growth rates, and map crack front shapes.  
Fractographic examination results were correlated with the visual crack length 
measurements recorded during the test.  In addition, the results of eddy current 
inspections during the fatigue test were compared with the findings of the fractographic 
examinations. 
A detailed finite element model of the fuselage panel was developed and geometrically-
nonlinear stress analyses were conducted to determine strain distribution in the panel and 
to compute the stress-intensity factors for fatigue crack growth.  The model was validated 
by comparing strain distribution in the panel with the strain measurements recorded 
during the strain survey test.  Fatigue crack growth analysis was conducted to evaluate 
the driving force for crack growth in the lap joint.  A crack growth model was used to 
calculate crack growth rates from the stress-intensity factors.  The selected crack growth 
model accounted for crack closure and the effect of the test environment.  Results of the 
fatigue crack growth analysis were correlated with the experimental measurements. 
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3.1. Introduction 
A generic pristine stiffened lap joint panel representative of a narrow-body fuselage was 
selected for this study.  The panel was tested at the FAA Full-Scale Aircraft Structural 
Test Evaluation and Research (FASTER) facility located at FAA William J. Hughes 
Technical Center.  Initially, the panel was subjected to quasi-static loads to examine 
strain distribution and to verify proper loading.  A fatigue test was then conducted by 
applying a programmed loading spectrum to mark the fracture surfaces for post-test 
fractographic examinations.  During the fatigue test, crack formation and growth were 
monitored and recorded using high-magnification visual and eddy current inspections.  
The panel was finally subjected to post-fatigue quasi-static loads up to failure to 
determine the residual strength.  Fractographic examinations of the fracture surfaces were 
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conducted using a scanning electron microscope (SEM) to determine subsurface crack 
growth behavior.   
This chapter outlines the experimental procedures for the various stages of the test and 
provides detailed descriptions of the test panel, test facility, NDI equipment, and the 
SEM. 
 
3.2. Test Panel Configuration 
This study was conducted on a pristine stiffened lap joint curved panel representative of a 
generic narrow-body fuselage, Figure 3.1 [1].  The panel was fabricated per the original 
equipment manufacturer (OEM) specifications specifically for this test.  No artificial 
damage was introduced in the panel. 
 
Frame
Stringer
Edge doublers
Lap joint
Inner Surface
Outer Surface
 
Figure 3.1.  Photographs of the inner and outer surfaces of the test panel. 
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The structural details and dimensions of the panel are shown in Figure 3.2.  The panel is 
120" (3.04 m) long and 68" (1.73 m) wide with a radius of curvature of 66" (1.68 m).  
The skin is made of 0.063" (1.6 mm) thick 2024-T3 aluminum clad.  A four-rivet-row 
longitudinal lap joint is located in the middle of the panel.  Cross-sections and details of 
the frames, stringers, and shear clips are also shown in Figure 3.2.  There are six frames 
(labeled F1 to F6) extending in the circumferential direction and seven stringers (labeled 
S1 to S7) in the longitudinal direction.  The spacing between each two frames is 19" 
(482.6 mm) and between each two stringers is 7.5" (190.5 mm).    The frames are not 
attached directly to the skin but, rather, riveted to shear clips that are, in turn, riveted to 
the skin.  The shear clips have an L-shaped cross-section.  The stringers had a hat-shaped 
cross-section and were riveted directly to the skin.  The frames, shear clips, and stringers 
are all made of 7075-T6 aluminum.  The thickness of the frames and the shear clips are 
0.071" (1.8 mm) and 0.063" (1.6 mm), respectively.  The stringers are 0.063" (1.6 mm) 
thick, except the middle stringer, stringer S4, which is riveted to the lap joint and is 
0.071" (1.8 mm) thick.  Details of the fastener types used to connect the substructure 
together and to the skin are included in Table 3.1. 
The lap joint is located in the middle of the panel along stringer S4 and consists of two 
skin layers and two finger doubler layers, as shown in Figure 3.3.  The finger doublers 
are made of 0.025" (0.635 mm) thick 2024-T3 aluminum.  The four rivet rows of the lap 
joint were labeled A, B, C, and D with row ‘A’ as the top row in the upper skin sheet.  
Rivet installation was manual.  Information about the rivet type and rivet pitch (distance 
between the centers of two adjacent rivet holes) for each rivet row in the lap joint is 
included in Table 3.2.  
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Figure 3.2.  The structural details and dimensions of the test panel (all dimensions are in inches). 
 
 
 
 
 
Table 3.1.  Fastener type and pitch for the substructure connections. 
Substructure 
Connection Stringer to Skin 
Shear Clip to 
Frame  
Shear Clip to 
Skin 
Frame to 
Stringer 
Fastener Type NAS1097AD6 MS20470AD6 NAS1097AD6 Hi-Lok-6 
Pitch*, in (mm) 1.25 (31.75) 1.0 (25.4) 1.0 (25.4) N/A 
* Rivet pitch is the center-to-center spacing between two adjacent rivet holes. 
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Figure 3.3.  Details of the longitudinal lap joint located in the middle of the test panel (all 
dimensions are in inches). 
 
 
Table 3.2.  Rivet type and rivet pitch for the lap joint rivet rows. 
Lap Joint Rivet 
Row Row ‘A’ Row ‘B’ Row ‘C’ Row ‘D’ 
Rivet Type MS20470AD5 MS20470AD6 NAS1097AD6 MS20470AD5 
Pitch*, in (mm) 1.5 (38.1) 0.813 (20.65) 0.813 (20.65) 1.5 (38.1) 
 * Rivet pitch is the center-to-center spacing between two adjacent rivet holes. 
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The edges of the fuselage panel, where the hoop and longitudinal loads were applied, 
were reinforced by bonding aluminum doublers to the skin to ensure uniform load 
transfer, Figure 3.4.  Reinforcing doublers with a length of 112" (2.84 m) on the 
longitudinal sides and 56" (1.42 m) on the hoop sides were added.  Half-inch-diameter 
(12.7 mm) holes were placed approximately 4" (102 mm) apart along the longitudinal 
doublers and 3.5" (89 mm) apart along the hoop doublers.  These holes were used to 
attach the panel to the loading mechanisms of the FASTER test fixture.  An elastomeric 
seal was used to attach the curved panel to the pressure box of the FASTER fixture.  The 
seal was bonded to the skin along the perimeter of the inner surface and bolted down to 
the pressure box.  
The two ends of each frame, where frame loads were applied, were reinforced by riveting 
2×2" (50.8×50.8 mm) aluminum doublers with a thickness of 0.125" (3.175 mm), Figure 
3.4.  After applying about 34,000 load cycles, cracks were detected in some of the frame-
end doublers.  Further inspections revealed cracks in the frames emanating from the load 
application holes under the doublers.  Consequently, all 12 frame-end doublers were 
replaced by 2×5.5" (50.8×139.7 mm) multiple-layer steel and aluminum doublers.  No 
more frame-end doubler cracks were observed through the end of the test.  Details of all 
the repairs and modifications made during the test can be found in reference 1. 
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Figure 3.4.  Aluminum doublers added to the skin and frame ends (all dimensions are in inches). 
 
 
3.3. Strain Gage Installation 
Prior to testing, the fuselage panel was instrumented with 64 strain gages to monitor and 
record strain distribution throughout the test in the skin and substructure.  During the pre-
fatigue strain survey test, strain gage data were analyzed to ensure proper loading of the 
fuselage panel.  In order to verify that the applied loads simulate a fuselage cabin 
pressure condition, strain gage measurements were compared with the results of a 
pressurization test of a fuselage section.  Strain distribution in the panel was also 
monitored during the fatigue and residual strength tests for indications of structural 
degradation.  Strain gages were installed on the skin, frames, and stringers.  Detailed 
information about the types of strain gages, coating, lead wires, and adhesive is given in 
Table 3.3 [2].  Three-conductor, Teflon-coated, twisted wires were used to connect the 
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strain gages on the interior of the panel to the FASTER data acquisition system.  Vinyl-
coated wires were used to connect the strain gages on the exterior of the panel. 
The skin was instrumented with 13 uniaxial gages and eight 3-legged 45° strain gage 
rosettes to measure the hoop, longitudinal, and shear components of strain, Figure 3.5.  
Eleven of the 13 uniaxial skin strain gages were placed across the lap joint in the central 
skin bay to monitor the strain distribution in the joint area.  In order to measure the 
secondary bending of the skin in the lap joint area, six of the uniaxial gages placed across 
the joint were installed in a back-to-back configuration with one strain gage on the outer 
skin surface and another one at the same location on the inner surface.  All strain gage 
rosettes were placed at the skin mid-bays, some of them in a back-to-back configuration, 
to investigate the symmetry of strain distribution and to measure secondary bending at 
the mid-bays.  Two uniaxial strain gages and one strain gage rosette were distributed 
across one half of a skin bay to determine the strain gradient between the center of the 
bay and the frame location.  
Twenty two uniaxial gages were installed to measure hoop strains at pre-selected 
locations along the six frames, Figure 3.6.  Frame gages were installed on the inner frame 
cap and on the outer cap (close to the skin) at mid-bay locations.  Additionally, eight 
uniaxial strain gages were installed on four middle stringers.  Stringer strain gages were 
installed on the flange and hat sections to record longitudinal strains. 
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Table 3.3. Types of strain gages, coating, wire, and adhesive used in the test. 
Gage No. Type Part No. Coating Wire Adhesive 
1-30 Uniaxial EA-13-062AQ-350 PR-1422 B-2 330-FTE M-Bond 200 
38-47 Uniaxial EA-13-062AQ-350 3140 RTV 326-DTV M-Bond 200 
31, 33, 37 Rosette WA-13-120WR-350 3140 RTV 326-DTV M-Bond 200 
32, 34, 37B Rosette WA-13-120WR-350 PR-1422 B-2 330-FTE M-Bond 200 
35, 36 Rosette WK-06-125RA-350 3140 RTV 326-DTV M-Bond 200 
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Figure 3.5.  Strain gage locations in the skin (all dimensions are in inches). 
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Figure 3.6.  Strain gage locations on the frames and stringers. 
 
 
3.4. The Full-Scale Aircraft Structural Test Evaluation and Research Facility 
As part of The National Aging Aircraft Research Program, the Full-Scale Aircraft 
Structural Test Evaluation and Research (FASTER) facility was established by the 
Airport and Aircraft R & D Division at the FAA William J. Hughes Technical Center for 
testing large stiffened curved panels representative of aircraft fuselage structures, Figure 
3.7 [3].  The purpose of the FASTER facility is to provide experimental data to validate 
and support analytical methods under development, including widespread fatigue damage 
(WFD) predictions, repair analysis and design, and new aircraft design methodologies.  
Details of the FASTER facility are discussed below. 
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Figure 3.7.  Photographs showing FASTER test fixture (left) and control room (right). 
 
The FASTER test fixture was designed and fabricated by the Boeing Aircraft Company 
in Long Beach, CA.  The test fixture is an adaptation of mechanical, fluid, and electronic 
components, which is capable of applying to stiffened curved fuselage panels loads that 
simulate flight loading conditions.  The load combination applied by the FASTER fixture 
includes internal pressurization and the balancing longitudinal, hoop, and frame loads.  
The fixture is also capable of applying shear loads to the skin of the fuselage panel.  The 
major components of the FASTER test fixture are the base structure, the pressure box, the 
hoop, longitudinal, and frame load assemblies, and the shear fixture assembly, Figure 3.8.  
The internal pressure can be applied using either air or water as a pressure medium.  
Loads can be applied quasi-statically or dynamically cycled.  A computerized instrument 
control and data acquisition system is used to control the operations of the FASTER test 
fixture and to collect test data. 
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Figure 3.8.  An exploded view showing the main components of the FASTER test fixture.  
 
 
3.4.1. Internal Pressure 
The pressure box, Figure 3.9, simulates fuselage cabin pressure using air, water, or a 
combination of both as a pressure medium.  Water was used as the pressure medium 
since it provides a safer and more efficient operation compared to air.  In previous 
studies, as well as in the current study, identical strain results were obtained regardless of 
the selected pressure medium, as will be discussed further in chapter 3.  The fuselage 
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panel covers the opening of the pressure box.   An elastomeric rubber seal was used to 
attach the curved panel to the pressure box. 
 
Test panel
Elastomeric 
seal
Frame 
loader
Pressure 
box base
  
Figure 3.9.  The pressure box and frame load assemblies of the FASTER test fixture. 
 
 
3.4.2. Hoop and Longitudinal Loads 
The internal pressure applied to the fuselage panel by the FASTER test fixture is 
balanced by applying tensile loads around the perimeter of the test panel in the hoop and 
longitudinal directions.  Hoop loads are applied to the skin and the frames, while 
longitudinal loads are applied to the skin only.  A schematic of the loading mechanism 
for the longitudinal and hoop skin loads is shown in Figure 3.10.  The loading mechanism 
consists of a water actuator, lever arm, fulcrum pivot point, a load cell, and a whiffletree.   
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Figure 3.10.  Schematics of the loading mechanism for the longitudinal and hoop load assemblies. 
 
The lever arm is connected to the water actuator at one end and to the load cell at the 
other end and rotates about the fulcrum pivot point.  As the water actuator inflates, the 
bottom of the lever arm will displace inward and rotate at the fulcrum pivot point.  As a 
result, the top of the lever arm will displace outward in the hoop direction for the hoop 
loaders, and in the longitudinal direction for the longitudinal loaders.  The load is 
distributed to the edge of the test panel through the two-tier coaxial whiffletree.  The 
whiffletree is free to rotate about axis a-a in Figure 3.10.  Additionally, each of the two 
pairs of the whiffletree loading arms is free to rotate about axis b-b.  This mechanism 
ensures that the force of each loader is divided equally at the four loading arms.  There 
are eight such loading mechanisms that apply longitudinal load (four attached to each end 
of the test panel) and fourteen such loading mechanisms that apply the hoop load (seven 
along each side of the test panel). 
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3.4.3. Frame Loads 
Frame loaders apply tensile loads in the hoop direction at the two ends of each of the six 
frames.  The frame loaders (12 in total) are located inside the pressure box, Figure 3.9.  
The frame loading mechanism consists of a water actuator, a frame lever arm, a fulcrum 
pivot point, a radial reaction link, and a frame load link, Figure 3.11.  As the water 
actuator inflates, the end of the frame lever arm will displace upward.  Consequently, the 
lever arm will rotate about the pivot point causing a displacement of the frame load link, 
thus pulling the frame, in the circumferential direction.  The radial reaction link is a load 
cell that measures reactions in the radial direction at the frame end.  The radial reaction at 
the frame end should be close to zero to ensure that the frame attachment point is 
displaced only in the hoop direction. 
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Figure 3.11.  The frame load assembly of the FASTER fixture. 
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3.4.4. Control System 
Internal pressure can be applied to a fuselage panel using the FASTER test fixture by 
filling the volume of the pressure box by air, water, or a combination of both.  The 
balancing hoop, longitudinal, and frame loads are generated using the pressure of water, 
as discussed previously.  The FASTER facility has a water supply system that consists of 
a 1050-gallon tank and a 40-hourspower pump capable of discharging water at a pressure 
of 140 psi (965 kPa).  A radiator on the water return line acts as a heat exchanger to keep 
the water temperature below 105º Fahrenheit (40º Celsius). 
The load generated by each of the loading mechanisms is controlled by the amount of 
inflation of the water actuator of that loading mechanism.  The pressure inside the water 
actuators of the loading mechanisms is regulated by dome pressure regulators that are 
connected to the water supply and return manifolds.  Water flow through the dome 
pressure regulators is accurately controlled via electro-pneumatic (E/P) valves.  The E/P 
valves are, in turn, computer controlled in a closed-loop feedback configuration. 
The computer control system of the FASTER test fixture uses the HP-Visual Engineering 
Environment (VEE) operating software.  A graphical interface program developed using 
HP-VEE allows the operator to control the amplitude, frequency, and shape function of 
the applied loads.  Data from strain gages, load cells, pressure transducers, and E/P valves 
are displayed on computer monitors in real time and can be stored for post-test off-line 
analysis.   
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3.5. Nondestructive Crack Inspections 
Nondestructive inspections were conducted to monitor and record crack formation and 
growth throughout the test.  The Self-Nulling Rotating Eddy-Current Probe system was 
used to detect subsurface cracks hidden under the countersunk rivet heads in the lap joint 
area.  Once cracks became visible, the Remote-Controlled Crack Monitoring (RCCM) 
system was used to track and record their growth.  The two crack inspection methods are 
discussed below. 
3.5.1. The Self-Nulling Rotating Eddy-Current Probe System 
The Self-Nulling Rotating Eddy-Current Probe system was developed at the 
Electromagnetics Laboratory of NASA Langley Research Center to detect fatigue cracks 
hidden underneath the airframe rivets without requiring the removal of the rivet [4].  The 
system consists of a hand-held probe head wired to a laptop computer through an 
interface box, Figure 3.12.  The probe head holds a sensor element and houses the drive 
motor for its rotation about the rivet along with an angular position sensor and the 
associated electronics.  The sensor is the only rotating part of the system.  As the sensor 
rotates around a rivet hole, the material surrounding that rivet hole is inspected for 
discontinuities (e.g. cracks).  Both the rotation radius and the lift-off height of the sensor 
element are manually adjustable to allow the use of the probe head for variable rivet 
diameters and joint configurations.  The interface box contains the power supply and 
drive source for the probe and transfers data between the probe head and the laptop 
computer. 
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Figure 3.12.  The main components of the rotating eddy-current probe system. 
 
A cross-section of the sensor element of the rotating probe system is shown schematically 
in Figure 3.13.  The sensor element contains a drive coil, a pickup coil (also called a 
sensor coil), and a ferromagnetic shield inserted between the drive and pickup coils, 
Figure 3.13(a).  The ferromagnetic steel shield, also known as the flux-focusing lens, 
serves two purposes: preventing inductance between the pickup coil and the drive coil 
and focusing the flux generated by the drive coil about the outer diameter of the pickup 
coil [5].  The drive coil is connected to a current source.  When current is supplied, a high 
density of eddy current is generated and forced into the material surrounding the rivet 
hole. 
When the sensor element orbits a rivet hole, the current travels along in the region around 
the rivet hole, Figure 3.13(b).  The presence of a discontinuity (e.g. fatigue crack) in the 
region around the rivet hole causes eddy current to alter its path and flow directly under 
the pickup coil, Figure 3.13(c).  In this case, the magnetic flux links the pickup coil and 
an output voltage is induced.  An AC voltmeter is connected to the leads of the pickup 
coil to measure the output voltage.  The amplitude of the induced voltage depends on the 
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amount of current flowing under the pickup coil; which, in turn, depends on the geometry 
of the discontinuity (crack).  If no crack exists, no flux linkage with the pickup occurs 
and, therefore, no voltage is induced.  The rotating-probe system, in the case of no crack, 
provides a null-signal. 
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Figure 3.13.  Schematics showing: (a) and (b) Cross-sections of the sensor element of the 
Rotating-Probe system, and (c) Eddy current distribution around a countersunk rivet hole with no 
crack (left) and one with a hidden fatigue crack (right) [5]. 
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The rotating-probe system uses a LabVIEW application for data acquisition, processing, 
and display.  A screen shot showing the graphical user interface of the operating software 
is shown in Figure 3.14.  The polar plot on the left side of the screen enables the user to 
quickly align the probe’s center of rotation with the center of the rivet hole that is being 
inspected.  Once this positioning process is completed, the inspection signal is acquired 
in one revolution around the rivet hole and processed immediately.  The inspection result 
is displayed in the plot area on the right side of the screen.  The output plot shows the 
signal amplitude in millivolts as a function of the location around the rivet hole in 
degrees. 
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Figure 3.14.  The graphical user interface of the operating software of the rotating-probe system. 
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The output of the rotating probe system is a plot of the location around the rivet hole (in 
degrees) versus the measured voltage amplitude (in millivolts).  The system has an 
adjustable output threshold that was set to 15 mV in this study.  Inspection signal of 15 
mV or higher provide reliable crack indications.  The results of three inspections of rivet 
hole A24 in the lap joint of the test panel are shown in Figure 3.15.  The three inspections 
were conducted at three different numbers of load cycles, N0, N1, and N2 where 
N0<N1<N2.  As the plots show, no indication of subsurface crack was recorded at N0 
fatigue cycles with signals completely below the threshold line (15 mV).  At N1 cycles, 
the signal slightly exceeded the threshold around the -110° and +105° locations, 
indicating the presence of small subsurface cracks at both locations.  Higher crack 
indications were recorded at the -110° and +105° locations during the inspection at N2 
cycles, indicating the growth of the subsurface cracks at the two locations since the 
inspection at N1 cycles.  At a later number of cycles, fatigue cracks were visually detected 
at the -110° and +105° locations of rivet hole A24 confirming the inspection results.  
Validation tests of the rotating-probe system were completed at Sandia National 
Laboratories Aging Aircraft NDI Validation Center in Albuquerque, New Mexico in 
1995 [4].  The test articles of the validation study included painted and bare aluminum 
simulated lap splice panels in which cracks were grown from small holes and starter 
notches that were later drilled, countersunk, and riveted.  Additionally, more realistic 
large stiffened panels in which cracks were grown through fatigue cycling were also 
tested.  Crack lengths for the probability of detection (POD) studies were measured 
optically.  Results of the POD studies showed that the rotating-probe system has a 90% 
POD for a 0.032-inch first layer crack hidden under a countersunk rivet head. 
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Figure 3.15.  Output of the Rotating-Probe system during three inspections at N0<N1<N2 load 
cycles showing no crack indication at N0, moderate crack indications at N1, and high crack 
indications at N2 cycles. 
 
 
3.5.2. The Remote-Controlled Crack Monitoring System 
The Remote-Controlled Crack Monitoring (RCCM) system, shown in Figure 3.16, is a 
computer-based video data-acquisition system used to track, measure, and record crack 
formation and propagation during loading in real time.  The RCCM system provides a 
field of view ranging from 0.05" (1.27 mm) up to 14" (355.6 mm) that allows monitoring 
the external surface of the test panel at several levels of magnification [3]. 
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The weight of the RCCM system is supported by a large rectangular frame made from 4" 
(101.6-mm) square aluminum tubes mounted on top of the four counterbalance columns 
of the FASTER fixture.  The position of the RCCM system on the rectangular frame can 
be manually adjusted in the longitudinal and lateral directions.  The major components of 
the RCCM system are:  the motion control assembly and the video data-acquisition 
system.  The motion control assembly includes three bidirectional and two unidirectional 
translation stages.  The motion of the five translation stages is computer-controlled from 
inside the FASTER control room.  The top bidirectional translation stage provides a 24" 
(609.6-mm) range of travel in the longitudinal and lateral directions, Figure 3.16.  Each 
of the two bottom bidirectional translation stages provides a 36" (914.5-mm) range of 
travel in the longitudinal direction and a 12" (304.8-mm) range of travel in the lateral 
direction.  A unidirectional stage is mounted on each of the two bottom bidirectional 
translation stages to provide a translation range of 10" (254.0 mm) in the depth direction.  
The stages of the RCCM system have a motion resolution of 0.000039" (1.0 µm) that 
allows accurate crack length measurements. 
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Figure 3.16. Drawings and photographs of the RCCM system showing details of the translation 
stages, the cameras, and sample images of cracks. 
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The video data acquisition assembly of the RCCM system contains four black and white 
analog cameras operating on the RS-170 video format with an image update rate of 30 
frames per second.  Two of the four cameras are mounted on each of the two 
unidirectional translation stages, Figure 3.16.  A high-magnification narrow-field-of-view 
(NFOV) lens is attached to the bottom camera to provide a field of view ranging from 
0.05" (1.27 mm) up to 0.5" (12.7 mm).  A wide-field-of-view (WFOV) lens is attached to 
the top camera to provide a field of view ranging from 0.45" (11.43 mm) up to 14" (355.6 
mm).  Typical images taken by the RCCM system for cracks emanating from a rivet hole 
are shown in Figure 3.16. 
The video data acquisition and reduction software provides real-time crack length 
measurement capabilities from the cameras on each stage.  Using a crosshair on the 
image as a reference, accurate measurements of crack length can be obtained through the 
remote control of the translation stages.  Still images can be also captured and stored in 
bitmap format.  In addition, direct connection to monitors and video control recording 
(VCR) equipment is provided for continuous recording and future presentations. 
 
3.6. Test Phases and Loading Conditions 
The test was conducted in three phases: (i) the pre-fatigue strain survey test, (ii) the 
fatigue test, and (iii) the post-fatigue, residual strength test.  The strain survey test was 
conducted prior to fatigue loading to ensure proper loading of the fuselage panel.  During 
the fatigue test, cyclic loads were applied simulating a fuselage cabin pressurization 
loading condition.  Crack formation and growth were continuously monitored throughout 
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the fatigue test.  After completing the fatigue test, the panel was loaded until final failure 
to determine its residual strength.  Details of each of the three test phases are discussed 
below.  
3.6.1. Phase I: Pre-Fatigue Strain Survey Test 
The strain survey test was conducted prior to fatigue loading with the following 
objectives: 
• Ensure proper loading of the fuselage panel by the FASTER test fixture. 
• Verify that the applied loads simulate a fuselage cabin pressurization condition. 
• Determine the strain response of the panel to the applied loads. 
• Identify the locations in the panel where damage is most likely to occur. 
During the strain survey test, loads were applied quasi-statically in ten equal load 
increments up to the maximum values.  Loads included internal pressure and the 
balancing tensile loads in the hoop and longitudinal directions.  The hoop and 
longitudinal loads applied to the fuselage panel were derived from the internal pressure as 
follows: 
Hoop, Longitudinal, and Frame Load Calculations 
The FASTER test fixture applies tensile loads in the hoop (FH) and longitudinal (FL) 
directions to balance the applied internal pressure.  The maximum applied internal 
pressure (Pmax) was selected to be 16 psi (110.3 kPa).  Recall that the radius of the panel 
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(r) was 66" (1.68 m) and the thickness of the skin (ts) was 0.063" (1.6 mm).    The 
resulting hoop and longitudinal stresses were calculated as follows: 
Hoop stress: MPa) (115.56 ksi 16.76   
0.063
6616   max =×=×=
s
H t
rPσ  (3.1) 
Longitudinal stress: MPa) (57.78 ksi 8.38   
0.0632
6616   
2
max =×
×=×=
s
L t
rPσ  (3.2) 
The length of the surface of the panel subjected to the internal pressure was  and 
the width was .  Thus, the total reactive tensile loads in the hoop and longitudinal 
directions were calculated as: 
112"  =l
"65 =w
Hoop load: kN) (526.05 kip 118.26  0.06311216.76 =××=××= sHH tlF σ  (3.3) 
Longitudinal load: kN) (131.49 kip 29.56  0.063658.38 =××=××= sLL twF σ  (3.4) 
The total hoop load was divided between the skin and the frames by a ratio of 83.2:16.8.  
The loading ratio was obtained from finite element analysis conducted for fuselage panels 
that were previously tested at the FASTER facility [3 and 6].  Those fuselage panels in 
the previous study were similar in configuration to the current panel.  Hence, the applied 
skin and frame hoop loads were: 
Skin hoop load = kN) (437.66 kip 39.98118.26832.0832.0 =×=HF  (3.5) 
Frame hoop load = kN) (88.39 kip 87.19118.26168.0168.0 =×=HF  (3.6) 
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Strain Survey Loading Conditions 
During the strain survey test, three loading conditions were applied to the fuselage panel, 
as listed in Table 3.4.  For each of the three loading conditions, the test was repeated 
twice using air as the pressure medium and twice using water.  Thus, four test runs were 
conducted for each loading condition (a total of 12 test runs).  Strain gage measurements 
recorded during the four test runs, for each loading condition, were compared together to 
evaluate the repeatability of the results. 
Loading condition C simulated a fuselage cabin pressurization condition with applied 
loads including internal pressure and the balancing tensile loads in the hoop and 
longitudinal directions.  In loading condition A, the load combination included internal 
pressure and hoop loads in the skin and frames.  In loading condition B, only the 
longitudinal load was applied.  Loading condition C was equivalent to the superposition 
of loading conditions A and B.  Proper introduction of the specified loads into the panel 
was examined by comparing strain gage measurements recorded during loading condition 
C with the results of the superposition of the measurements recorded during loading 
conditions A and B.  Results of the comparisons are discussed in chapter 4. 
In order to verify that the applied loads simulate a fuselage pressurization condition, 
strain gage measurements during loading condition C were compared with the results of a 
full-scale fuselage pressurization test.  The full-scale verification test was conducted on 
an aft fuselage section of a narrow-body aircraft by Boeing Aircraft Company [3].  The 
results of the comparison with the verification test are discussed in chapter 4. 
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Table 3.4. The load conditions and maximum applied loads during the strain survey test. 
Maximum Load 
Hoop,  kip (kN) Loading Condition Internal Pressure, psi (kPa) Skin Frames 
Longitudinal, 
kip (kN) 
A 16.0 (110.3) 
98.4 
(437.7) 
19.9 
(88.4) 0 
B 0 0 0 29.6 (131.5) 
C 16.0 (110.3) 
98.4 
(437.7) 
19.9 
(88.4) 
29.6 
(131.5) 
 
 
 
3.6.2. Phase II: The Fatigue Test 
 
Applied Loads 
After completing the strain survey test, the fuselage panel was subjected to a constant-
amplitude fatigue loading.  The fatigue loading was applied at a frequency of about 0.04 
Hz.  The fuselage panel was subjected to a maximum internal pressure (Pmax) of 16 psi 
(110.3 kPa) at a stress ratio (R) of 0.1.  Additionally, the corresponding tensile loads in 
the hoop and longitudinal directions were applied, as shown in Table 3.5.  The applied 
load spectrum included underload cycles to enable post-test fractographic reconstruction 
of crack growth histories and crack front shapes from marker bands.  The maximum 
loads were reduced by 25% during the underload cycles. 
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Table 3.5. The maximum applied loads during the fatigue test. 
Maximum Load 
Hoop,  kip (kN)  Internal Pressure, 
psi (kPa) Skin Frames 
Longitudinal, 
kip (kN) 
Full-load Cycles 16.0 (110.3) 
98.4 
(437.7) 
19.9 
(88.4) 
29.6 
(131.5) 
Underload Cycles 12.0 (82.7) 
73.8 
(328.3) 
14.9 
(66.3) 
22.2 
(98.6) 
 
 
The applied marker-band load spectrum, Figure 3.17, consisted of three baseline blocks 
of 1,000 maximum-load cycles separated by marker-band cycles.  The marker-band 
cycles included iterations of 100 underload cycles separated by spikes of 10 full-load 
cycles.  The first marker band included six iterations of 100 underload cycles, the second 
marker band included four iterations, and the third marker band included ten iterations.  
The marker band load spectrum included a total of 5,170 fatigue cycles; 3170 cycles at 
full load (16 psi) and 2000 cycles with underload.  This load spectrum, also known as the 
6-4-10 load spectrum, was used in previous studies and was found effective in marking 
the fracture surfaces in aluminum 2024-T3 without adversely affecting crack growth 
behavior by either accelerating or retarding crack growth [7, 8, and 9]. 
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Figure 3.17.  The 6-4-10 marker band spectrum used in the fatigue test. 
 
Crack Inspections 
During the fatigue loading, MSD crack formation in the test panel was monitored using 
the Rotating Eddy-Current Probe system and visual observations via the RCCM system.  
Rivet holes in the lap joint area and along the frames were periodically inspected for 
hidden cracks using the Rotating Probe system.  Inspections were conducted for a total of 
345 rivet holes in the panel including 60 rivet holes in rivet row A, 112 in rivet row B, 
and 114 in rivet row C of the lap joint.  The remaining 59 rivet holes attached the skin to 
the shear clips at the frame-stringer intersections.  The skin at these rivet holes is 
susceptible to MSD cracks.  Rivet row D of the lap joint was not accessible for reliable 
eddy-current inspections during the test and was inspected only at the end of the fatigue 
test. 
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The numbers of total and full-load cycles when eddy current inspections were conducted 
are listed in Table 3.6.  The inspection intervals varied during the course of the test in 
order to minimize stoppage time and to avoid interrupting the test during the marker-band 
phase of loading.  Full inspections of the 345 rivet holes were at an average interval of 
3,000 to 5,000 full-load cycles.  Additionally, inspections of selected rivet holes were 
conducted at an average interval of 2,000 to 3,000 full-load cycles.  These selected rivet 
holes included:  rivet holes in the critical upper rivet row of the lap joint (row A), rivet 
holes that showed inspection signals higher than the 15 mV threshold, and rivet holes that 
were leaking water during the test.  In total, 53 eddy current inspections were conducted 
during the course of the test, including 24 full inspections and 29 partial inspections.  
More than 8,800 computer files were generated during these inspections, each including 
the results of a single inspection of a single rivet hole.  Inspection results were placed in a 
database that was used to compare inspection histories to track any changes in the 
signals. 
The RCCM system was used to scan the surface of the panel for cracks.  Special attention 
was given to the rivet holes that were leaking water and those with high eddy-current 
signals.  When cracks were detected in the panel, the RCCM system was used to measure 
crack lengths and to take images of the cracks.  All crack length measurements during the 
test were taken using the narrow-field-of-view camera of the RCCM system.  Crack 
measurements were made while holding the applied pressure at about 7 psi (48 kPa) to 
ensure partial crack opening to improve the image at the crack tip. 
The fatigue loading continued until cracks developed and linked in the joint area.  The 
loading was terminated before the crack growth became unstable at 107,458 full-load 
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cycles (174,458 total cycles).  The panel was then loaded quasi-statically to measure its 
residual strength. 
 
Table 3.6. The number of total cycles and full-load cycles when eddy current inspections were 
conducted during the fatigue test. 
Cycles Cycles Cycles 
No. Total  Full-load  
No. Total Full-load 
No. Total  Full-load 
1* 0 0 19 40270 25270 37 117000 72000
2 500 500 20 42360 26360 38* 119610 73610
3 1000 1000 21* 46530 28530 39 122114 75114
4 2150 1550 22 49930 30930 40 125729 77130
5* 3080 2080 23 53350 32750 41* 130250 80250
6 4080 3080 24* 56870 34870 42 133330 82330
7 5170 3170 25 61820 38020 43* 137070 84470
8 8160 5250 26* 70790 43790 44* 145760 89760
9* 12000 7400 27 74055 45455 45 149930 91930
10 14420 9420 28 75030 46430 46* 152580 93980
11 15900 9900 29* 77550 47550 47 154010 95010
12* 20680 12680 30* 86470 53470 48* 159180 98180
13 24680 15680 31* 91740 56740 49* 164350 101350
14 25850 15850 32 96726 59726 50* 172300 105700
15 28930 17930 33* 99880 61280 51* 173560 106660
16* 33670 21070 34 105425 64825 52 174440 107440
17 36190 22190 35* 109570 67570 53* 174458 107458
18* 39270 24270 36 114740 70740    
* Indicates a full inspection (including all 345 rivet holes). 
 
 
3.6.3. Phase III: Post-Fatigue Residual Strength Test 
After the completion of the fatigue test, a final eddy current inspection was conducted.   
The state of damage of the panel was thoroughly documented using visual observations 
via the RCCM system.  A residual strength test was then conducted.  The fuselage panel 
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was subjected to quasi-static loads including the internal pressure and the reactive hoop, 
longitudinal, and frame loads (loading condition C in Table 3.4).  The applied loads were 
incrementally raised until failure to determine the load carrying capacity of the damaged 
panel.  The panel was pressurized using water as the pressure medium.  The internal 
pressure was increased in 2-psi (13.8-kPa) increments from zero up to 14 psi (96.5 kPa), 
and in 1-psi (6.9-kPa) increments after that.  The hoop, longitudinal, and frame loads 
were incremented accordingly.  Strain gage measurements were recorded continuously 
throughout the residual strength test.  No additional eddy current inspections were 
conducted during the residual strength test.  Crack growth was monitored visually using 
the cameras of the RCCM system.  To prevent water leakage, an elastomeric seal was 
applied to the inner surface of the lap where crack growth occurred. 
 
3.7. Post-Test Fractographic Examinations  
Comprehensive post-test fractographic examinations of the crack surfaces in the test 
panel were conducted to reconstruct crack growth histories.  After the test was 
completed, the panel was removed from the test fixture and specimens were prepared for 
fracture surface examinations under the scanning electron microscope (SEM), Figure 
3.18.  Rivets along the upper rivet row of the lap joint were largely free as a result of 
fatigue cracks.  Sections of the lap joint containing multiple rivet holes were removed 
using a cutting wheel.  Precision saw cuts were then made using a vertical band saw in 
order to prepare specimens that contained individual crack surfaces. 
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The fracture surfaces were immersed in the citrus oil-based solvent d-Limonene/Ester for 
about 72 hours to soften the adhesive sealant that was applied to the internal surface of 
the joint during phase III of the test.  The cleaning process followed to remove corrosion 
products and oxide layers covering parts of the crack surfaces was as follows: 
• The fracture surface specimens were first cleaned in acetone for about two 
minutes in an ultrasonic cleaner 
• The specimens were then cleaned ultrasonically for three to five minutes in M-
Prep Conditioner A, a water-based acidic surface cleaner [2]. 
• In order to prevent chemical etching of the fracture surfaces, the specimens were 
cleaned ultrasonically for about two minutes in M-Prep Neutralizer 5A, a water-
based alkaline cleaner [2]. 
• The specimens were cleaned in acetone again and, finally, in distilled water.   
All cleaning was done in an ultrasonic cleaner to avoid inadvertently damaging the 
fracture surfaces.  
An FEI/Phillips XL30 Environmental SEM was used to examine the fracture surfaces, 
Figure 3.19.  The XL30 is a computer-driven, high vacuum (10-7 Torr) microscope with a 
field-emission electron gun and a spatial resolution of about 1.75 nm.  The field-emission 
electron gun provides higher brightness and, thus, better image quality than the standard 
tungsten electron gun [10]. The sample stage in the XL30 microscope is motorized for 
translation in the x, y, and z directions and rotation about the z-axis.  In addition, the 
sample can be manually tilted about the x-axis.  The imaging modes include secondary 
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electron imaging, backscattered electron imaging, and mixed mode.  Because of its high 
topographical contrast, secondary electron imaging was used for marker band detection 
and fracture surface imaging.  Images can be stored digitally in a storage devise or 
transferred directly to a network location [11]. 
 
Fracture surfaces
Rough cut Precision saw cut
Rivet holeCrack
 
Figure 3.18.  Schematics showing fracture surface specimen removal for fractographic 
examinations. 
 
 
 
Figure 3.19.   The FEI/Phillips XL30 Environmental SEM. 
 
 
 78
The procedure described by Willard [12] was followed in mapping marker band 
locations.  A local Cartesian x-y coordinate system was established on the fracture 
surface with the origin (0, 0) chosen at a reference point that could be readily identified 
under the SEM.  Points along each marker band were then recorded relative to the origin.  
For each marker band, a large number of points (about 30 to 40) were recorded to 
characterize its location and local curvature directions.  All recorded points were then 
plotted in two-dimensional space.  Crack sizes and crack growth rates were measured 
directly from these plots.  A similar procedure was followed in a joint study by the FAA 
and Delta Air Lines to map subsurface crack front shapes from fatigue striations [13]. 
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4.1. Introduction 
Prior to fatigue testing, a strain survey test was conducted to verify the proper application 
of loading to the test panel.  The panel was instrumented with 64 strain gages to monitor 
and record strain distribution in the skin and substructure, as discussed in section 3.3.  
The uniformity of strain distribution and the repeatability of the test results were 
investigated.  Special attention was given to the strain distribution in the lap joint region, 
where MSD cracks are most likely to develop.  The test results were compared with the 
results of an independent verification test conducted on an aft section of a narrow-body 
fuselage. 
Three loading conditions were applied during the strain survey test, including 
combinations of internal pressure, hoop, longitudinal, and frame loads, Table 4.1.  
Loading condition C simulated a fuselage cabin pressurization condition with applied 
loads including internal pressure and the balancing tensile loads in the hoop and 
longitudinal directions.  In loading condition A, the load combination included internal 
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pressure and hoop loads in the skin and frames.  In loading condition B, only the 
longitudinal load was applied. 
 
 
Table 4.1. The loading conditions and maximum applied loads during the strain survey test. 
Maximum Load 
Hoop,  kips (kN) Loading Condition Internal Pressure, psi (kPa) Skin Frames 
Longitudinal, 
kips (kN) 
A 16.0 (110.3) 98.4 (437.7) 19.9 (88.4) 0 
B 0 0 0 29.6 (131.5) 
C 16.0 (110.3) 98.4 (437.7) 19.9 (88.4) 29.6 (131.5) 
 
 
 
 
Representative results of the strain survey test are discussed in this chapter.  Appendix A 
of this dissertation includes plots of strain measurements as a function of the applied 
pressure at all strain gage locations in the panel.  
 
4.2. Data Reduction 
The raw strain gage data were reduced by performing a least squares regression.  The 
data was curve-fitted to a second order polynomial:  
  (4.1) 221 pCpC +=ε
where ε is the strain, p is the load, and C1 and C2 are constants.  In order to eliminate the 
effects of preloading, the first datapoint was excluded from the curve-fit.  Examples of 
raw and reduced data for two strain gages (SG36-T and SG38) are shown in Figure 4.1, 
notice the shift in the reduced data to eliminate pre-strain. 
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Figure 4.1.  Strain gage readings were shifted to eliminate pre-strain, as shown for strain gages 
SG36-T and SG38. 
 
 
 
4.3. Strain Distribution  
A major objective of the strain survey test was to ensure proper introduction of loads into 
the fuselage panel by the FASTER test fixture.  This was accomplished by verifying 
uniformity and symmetry of the strain distribution within the test section of the panel.  In 
addition, repeatability of the test results was verified by comparing strain measurements 
from multiple test runs conducted under the same loading conditions.   Water was used as 
the pressure media during fatigue loading since it provides a safer and more efficient 
operation compared to air.  However, it was necessary to verify that strain distribution in 
the panel will not be altered as a result of using water as the pressure medium instead of 
air, which is the pressure medium of a fuselage during flight.  Therefore, a series of strain 
survey test runs were performed using air as the pressure medium and repeated using 
water.  The results of the two pressure media were compared.  Details of the strain 
distribution recorded during the various test runs are discussed in the next two sections. 
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4.3.1. Strain Distribution in the Skin 
Within the test section of the skin, strain distribution was generally uniform and 
symmetric, especially far away from the lap joint.   Figure 4.2 shows a comparison of the 
hoop strain measurements recorded by five strain gage rosettes, SG31, 33, 35, 36, and 37, 
located at the skin mid-bays.  The locations of the strain gage rosettes are shown by the 
inset in the figure.  At the maximum pressure of 16 psi, the average mid-bay hoop strain 
from the five locations was 1173 µε.  Variations from the average were within 7.5%. 
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Figure 4.2.  Hoop strain measurements recorded at five skin mid-bay locations showed uniform 
strain distribution within the test section of the panel. 
 
The highest strain measurements recorded by five mid-bay strain gage rosettes during 
two runs of the strain survey test are shown in Figure 4.3.  The applied loads and the 
pressure medium were the same during both test runs.  As seen in the figure, the 
measurements were highly repeatable with very minor variations.  Similar results were 
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obtained for other strain gage locations within the test section of the skin, indicating that 
the FASTER test fixture provides results that are reliable and reproducible. 
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Figure 4.3.  Repeatable strain measurements were recorded during different runs of the strain 
survey test, especially in the skin. 
 
Three loading conditions were applied during the strain survey test, as discussed in 
section 4.1.  Loading condition C, which represented a fuselage cabin pressurization 
condition, was equivalent to the superposition of loading conditions A and B, Table 4.1.  
Overall, a linear strain behavior was recorded during the quasi-static loading, especially 
in the skin outside the joint area.  Proper introduction of the specified loads into the panel 
was verified by comparing mid-bay strain gage measurements recorded during loading 
condition C with the results of the superposition of the measurements recorded during 
loading conditions A and B. 
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Results of the comparisons are shown in Figure 4.4 for SG31 and SG36 located at two 
skin mid-bays.  As seen in the figure, the results obtained from the superposition of the 
strain measurements of loading conditions A and B correlated very well with the 
measurements of loading condition C for the hoop, 45-degree, and longitudinal 
directions.  Similar results were obtained at the other mid-bay locations in the panel, 
verifying proper introduction of the specified loads into the panel by the various loading 
mechanisms of the FASTER test fixture. 
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Figure 4.4.  Comparisons of skin mid-bay strain gage measurements during load condition C with 
the superposition of measurements during load conditions A and B. 
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Representative strain gage measurements recorded during four runs of the strain survey 
test, including two runs using air as the pressure medium and two runs using water, are 
plotted in Figure 4.5.  The results shown in the figure are for the hoop strain (SG34-T), 
the 45-degree strain (SG35-45), and the longitudinal strain (SG36-L) at three skin mid-
bay locations.  As can be seen, strain gage measurements recorded during the four test 
runs were identical, regardless of the pressure medium.  The results indicate that using 
water to pressurize the panel, instead of air, did not alter the strain distribution.  
Nevertheless, water was expected to affect crack growth behavior, as discussed further in 
chapter 7. 
Hoop strain measurements recorded across half a skin bay indicated high strain gradient 
near the frame location, Figure 4.6.  The measurements were recorded by the following 
strain gages: 
• SG33-T: located at the centerline of the bay 
• SG47: located 4.0" (101.6 mm) away from frame F4, and 
• SG46: located on the skin immediately above frame F4 
 
The highest of the skin hoop strain measurements at the three locations listed above was 
recorded by strain gage SG31-T at the centerline of the bay.  This result was consistent 
with the findings of previous studies that showed the hoop stress to be the highest in mid-
bay area [1].  At the frame location (SG47), the hoop strain measurement was about 50% 
lower.  As discussed in section 3.2, the frames of the current fuselage panel were riveted 
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to L-shaped shear clips that were, in turn, riveted to the skin, Figure 4.7.  The thickness of 
the shear-clip was equal to that of the skin (0.063" (1.6 mm)), making the stiffness at the 
frame location twice as high as that at the skin mid bay.  The decrease in the skin hoop 
strain at the frame location resulted from the higher stiffness of the structure.  
Accordingly, MSD cracks in the lap joint tend to initiate at rivet holes closer to the skin 
mid bay.  The lower hoop strain near the frames also affected fatigue crack growth 
behavior at rivet holes in that area, as well as long crack growth, as discussed in chapter 
5.  Strain distribution in the frames is discussed in the next section. 
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Figure 4.5.  Strain measurements recorded by gages SG34-T, SG35-45, and SG36-L showing 
highly repeatable results, regardless of whether the pressure medium was air or water. 
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Figure 4.6.  As a result of the higher stiffness, hoop strain was reduced by about 50% at the frame 
location compared to the skin mid bay (all dimensions are in inches). 
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Figure 4.7.  Frames in the current fuselage panel are riveted to shear clips that are, in turn, riveted 
to the skin. 
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4.3.2. Strain Distribution in the Frames 
Strain gages were installed to measure the hoop strain at the frame outer and inner caps.  
Representative results are shown in Figure 4.8 for strain gages SG9 and SG10, located on 
frame F4.  The figure shows measurements recorded during four runs of the strain survey 
test, including two runs using air as the pressure medium and two runs using water.  In 
general, hoop strain measurements recorded at the frame outer caps (e.g. SG9) were 
repeatable, while measurements recorded at the inner caps (e.g. SG10) were less 
repeatable.  The displacement field at the inner frame caps was, apparently, influenced by 
lateral deflections, unlike that at the outer frame caps, which were bolted to the stringers 
and relatively more restricted. 
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Figure 4.8.  Hoop strain measurements showing repeatable results at the outer frame caps (SG9) 
and less repeatable results at the inner caps (SG10). 
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Hoop strain measurements recorded at the outer and inner caps of the middle frames near 
the lap joint are shown in Figure 4.9.  At the outer caps, the average hoop strain at the 
maximum pressure of 16 psi was 988 µε.  Variations from that average were less than 
1.5%.  On the other hand, a less uniform hoop strain distribution was measured at the 
inner frame caps near the lap joint, with variations of up to 29% from the average of 1297 
µε at the maximum pressure.  As discussed above, the displacement field at the inner 
frame caps was more complex and was, apparently, influenced by lateral deflections. 
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Figure 4.9.  Hoop strain measurements at the outer frame caps near the lap joint indicated a 
uniform strain distribution.  Less uniform strain distribution was recorded at the inner frame caps. 
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4.4. Comparison with the Verification Test  
To ensure that the loads applied by the FASTER test fixture simulate a cabin 
pressurization condition, strain gage measurements recorded during the strain survey test 
of the curved panel were compared with the results of an independent verification test.  In 
that test, conducted by Boeing Aircraft Company, an aft fuselage section of a narrow-
body aircraft was pressurized quasi-statically to 7.8 psi (53.78 kPa) [2].  The 
pressurization test was repeated three times.  Photographs of the test article of the 
verification test are shown in Figure 4.10.  Strain gage measurements from a section of 
the aft fuselage with similar radius, skin thickness, and substructural details to the curved 
panel were used in the comparison. 
 
 
Figure 4.10.  Photographs of the aft fuselage section pressurized in the verification test. 
 
Overall, strain gage measurements recorded during the strain survey test were in a good 
agreement with the results of the verification test.  Representative results are shown in 
Figure 4.11 for the hoop, 45-degree, and longitudinal components of strain recorded by 
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strain gage rosette SG31 located at a skin mid bay of the curved panel.  The curved panel 
results shown in Figure 4.11 are from four test runs including two runs in which air was 
used as the pressure medium and two in which water was used.  Strain gage 
measurements recorded at a similar location during three runs of the verification test are 
shown.  The comparison indicated a good agreement for all three components of strain.  
Similar results were obtained for other strain gage locations in the skin and outer frame 
caps, indicating that the loads applied to the curved panel by the FASTER test fixture 
simulated a fuselage pressurization condition. 
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Figure 4.11.  Strain gage measurements recorded during the strain survey test were in good 
agreement with the results of the verification test, indicating that the applied loads simulated a 
fuselage pressurization condition. 
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4.5. Local Bending at the Lap Joint 
Local bending in lap joint fuselage structure is, in part, a result of the inherent 
eccentricity.  Additionally, the radial deformation of the skin under cabin pressure is 
higher at the mid bays than at the stiffeners, resulting in bending stresses in the skin at the 
stiffener locations, Figure 4.12.  In mid-bay locations, bending produces tensile stresses 
on the outer skin surface; whereas near the joint bending causes tension on the inner 
surface of the skin.  Variation in the radial deformation, known as pillowing, produces 
bending stresses in the circumferential, as well as the longitudinal direction [3].  Phillips 
and Britt [4] measured membrane (tensile) and bending strains near a longitudinal lap 
joint in the fuselage skin of a Boeing 737 aircraft during a pressurization test to a 
maximum differential pressure of 6.2 psi (42.7 kPa).  Their measurements showed 
significant bending in the hoop and longitudinal directions of the lap joint of the Boeing 
737 fuselage, with ratios of bending to membrane strains of about -1.5 for the hoop 
direction. 
 
Stringer
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Figure 4.12.  Skin pillowing between the stiffeners contributes to local bending at the lap joint 
(deformations exaggerated for clarity). 
 
Local bending strongly influences crack growth behavior, especially during initiation and 
early crack growth [5,  6, 7].  While, in tensile-dominant stress fields, cracks tend to grow 
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faster across the thickness (i.e. in the depth direction), they grow faster in the length 
direction in the presence of high bending stresses.  Fawaz [6] showed that the ratios of 
crack depth (transverse direction) to crack length (longitudinal direction) for small cracks 
in lap joints decrease as the bending factor, and thus the bending stress, is increased. 
In order to measure the membrane and bending strains across the lap joint, strain gages at 
several locations on the skin were installed in back-to-back configuration.  That is, two 
strain gages were installed at the same location, one on the inner surface and another on 
the outer surface of the skin, as discussed in section 3.3.  Assuming that the bending 
strain varies linearly across the thickness of the skin, the distribution of strain in a 
combined bending and tensile stress field is illustrated in Figure 4.13. 
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Figure 4.13.  Strain distribution across the thickness of the skin in a combined tensile and bending 
stress field (for location A in Figure 4.12). 
 
Therefore, the membrane and bending strains are calculated from the strain gage 
measurements as follows: 
 
2
io
m
εεε +=  (4.2) 
 
 95
 
2
io
b
εεε −=   (4.3) 
where mε is the membrane strain, bε  is the bending strain, oε  is the strain measurement on 
the outer surface of the skin, and iε  is the measurement on the inner surface.   
The membrane and bending strains calculated from the strain measurements recorded by 
four back-to-back strain gage pairs are plotted in Figure 4.14.  The locations of the four 
strain gage pairs are as follows:  
• SG31: located at a skin mid-bay  
• SG38: located 0.5" (12.27 mm) above the upper rivet row (row ‘A’) 
• SG39: located along rivet row ‘A’ midway between two rivets, and  
• SG45: located 0.5" (12.27 mm) below the lower rivet (row ‘D’) 
 
As seen in Figure 4.14, the membrane strain, which increased linearly with the increase 
in the applied pressure, was nearly the same at the four strain gage locations listed above.  
The bending strain, however, was nonlinear as a function of the applied pressure and 
differed considerably depending on the strain gage location.  At the skin mid-bay and 
below rivet row ‘D’ of the lap joint, the bending strain was quite low throughout the 
loading cycle.  Significant local bending was recorded by SG38 near rivet row ‘A’ of the 
lap joint, and the highest amount of bending was recorded by SG39 along the centerline 
of rivet row ‘A’.  At the maximum pressure of 16 psi, the bending strain measured by 
SG39 was about –713 µε.  The negative sign here indicates that the hoop strain measured 
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on the inner surface of the skin is higher than that on the outer surface, see equation 4.3 
above. 
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Figure 4.14. Membrane and bending strain components at four locations across the lap joint 
showed that the highest bending was along the upper rivet row. 
 
The ratios of bending to membrane strains at the four strain gage locations discussed 
above are plotted as a function of the applied pressure in Figure 4.15.  During the initial 
30 – 40% of the loading cycle, the ratios of bending to membrane strains were nonlinear 
as a function of the applied pressure.  For the rest of the loading cycle, the ratios varied 
linearly with the applied pressure.  With the exception of the mid-bay location (SG31), all 
bending/membrane strain ratios were negative, indicating higher tensile stresses on the 
inner surface of the skin than the outer surface.  The trends were very similar at the 
locations of SG38 (0.5" above rivet row ‘A’) and SG39 (midway between two rivets in 
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row ‘A’).  At both locations, the absolute ratio of bending to membrane strains initially 
increased, before steadily decreasing with the applied pressure.  The highest ratio of 
bending to membrane strains at SG39 was about -1.24.  A reversed trend was seen at the 
location of SG45 (0.5" below rivet row ‘D’) where the ratio of bending to membrane 
strains was only -0.12 at the maximum pressure of 16 psi.  At the skin mid-bay location 
(SG31), the ratio remained steady at about 0.1 through most of the loading cycle. 
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Figure 4.15.  The ratio of bending to membrane strain was nonlinear as a function of the applied 
pressure. 
 
The membrane and bending strains measured during the strain survey test were compared 
with the results of a flat panel test that was sponsored by the FAA and the United States 
Air Force [8].  These flat panels, which included lap joints with similar configuration to 
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the one in the current curved panel, were subjected to a maximum tensile stress of 15 ksi 
(103.4 MPa).  The comparison is shown in Figure 4.16 for measurements recorded by 
back-to-back strain gage pairs located, similarly in the two panels, 1.0" (25.4 mm) above 
the upper rivet row of the lap joint.  The results are plotted as a function of the applied 
tensile hoop stress.  As seen in the figure, the membrane strains were found to be similar 
in the two panels.  However, at the maximum applied hoop stress, the bending strain 
measured in the current curved panel was significantly higher than that measured in the 
flat panel.  The relatively lower bending strain measurement in the lap joint of the flat 
panel can be largely attributed to the absence of skin pillowing, one of the two 
contributing factors to local bending 
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Figure 4.16. Comparison of the membrane and bending strains in the current study with the 
results of a flat panel study with similar joint design [8]. 
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4.6. Conclusions 
In this chapter, the results of the pre-fatigue strain survey test were discussed.  The major 
conclusions are as follows: 
• The results of the strain survey test showed uniform and symmetric strain 
distribution in the test section of the skin, verified proper load introduction into 
the fuselage panel by the FASTER fixture. 
• Strain gage measurements showed that, across a skin bay, the hoop strain was the 
highest at the mid-bay.  At the frame locations, hoop strain was about 50% lower 
due to higher stiffness. 
• Strain gage measurements recorded during the strain survey test correlated very 
well with the results of a full-scale verification test conducted on an aft fuselage 
section, verifying that the applied test loads simulated a fuselage pressurization 
condition. 
• As a result of eccentricity and skin pillowing, local bending occurred at the lap 
joint.  The highest amount of bending was recorded along the centerline of the 
upper rivet row of the lap joint.  Ratios of bending to membrane strains as high as 
-1.24 were recorded along that upper rivet row. 
• Bending strains measured at the lap joint in the current study were higher than 
those measured at the same location in a flat panel with similar joint 
configurations. 
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5.1. Introduction 
After the successful completion of the strain survey test and the validation of the loading 
procedures, the panel was subjected to a fatigue test.  A constant-amplitude, cyclic 
loading condition was applied to the panel including internal pressure, hoop, longitudinal, 
and frame loads.  Water was used as the pressure medium.  The maximum applied 
pressure, Pmax, was 16 psi (110 kPa) with a stress ratio of R = 0.1.  The loading spectrum 
also included programmed underload cycles during which the applied loads were reduced 
to 75% of the maximum.  The purpose of the underload cycles was to generate marker 
bands on the fracture surfaces to allow complete reconstruction of the fatigue crack 
growth history from post-test fractographic examinations. 
During the fatigue test, the Rotating-Probe Eddy Current system was used to periodically 
inspect rivet holes in the lap joint for subsurface cracks.  High-magnification visual 
inspections of the outer surface of the skin were conducted using the RCCM system.  
After the fatigue test was completed, a residual strength test was conducted by subjecting 
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the panel to quasi-static loads until final failure to determine its load-carrying capacity.  
Crack extension during the residual strength test was measured and recorded using the 
RCCM system. 
This chapter discusses the results of eddy-current inspections, the characteristics of MSD 
crack formation and growth during the fatigue test, the linkup of MSD cracks in the lap 
joint, and the final failure during the residual strengths test.  Rivet-hole designation 
scheme in the lap joint is shown in Figure 5.1. 
 
5.2. Detection of Subsurface MSD by Eddy-Current Inspections 
The Rotating-Probe Eddy Current system was used to inspect rivet holes in the lap joint 
for subsurface damage.  As discussed in chapter 3, the output of the system is given as 
voltage amplitude as a function of location around the rivet hole.  The system has an 
output threshold of 15 mV; inspection signals above the threshold are considered a 
reliable indication of subsurface damage formation [1]. 
In rivet row ‘A’, the upper rivet row of the lap joint in the outer skin, damage was first 
indicated using eddy-current at 12,600 load cycles.  Figure 5.2 shows a plot of the 
percentage of the rivet holes with eddy-current inspection signals higher than the 15-mV 
threshold in rivet rows ‘A’, ‘B’, and ‘C’ of the lap joint as a function of the number of 
cycles.  As shown in the figure, the percentage of the rivet holes in row ‘A’ having high 
signals increased continuously with the number of cycles.  High-level signals were 
detected also at a few rivet holes in Rows ‘B’ and ‘C’.  After 70,000 cycles, the numbers 
of rivet holes with high-level signals increased in all three rivet rows.  By the end of the 
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fatigue test, at 107,458 load cycles, the percentage of the rivet holes in row ‘A’ with 
eddy-current signals exceeding the 15 mV threshold was 48%, compared to 9% and 
6% of the rivet holes in rows ‘B’ and ‘C’, respectively.   
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Figure 5.1.  Rivet-hole designation scheme in the lap joint of the fuselage panel. 
 
  
The distribution of the high-signal rivet holes in the lap joint during the test is illustrated 
by the five schematics in Figure 5.3.  The solid circles in the schematics in Figure 5.3 
represent rivet holes in the lap joint where eddy current inspections have indicated output  
Rivet row ‘D’, the lower rivet row of the lap joint, was not accessible for reliable 
inspections during the fatigue test because of its proximity to the edge of the outer skin 
sheet, as shown by the cross-section of the lap joint in the insert in Figure 5.2.  Rivet 
holes in row ‘D’ were inspected only at the end of the fatigue test when a special setup 
was made by inserting a thin piece of aluminum under eddy-current probe to make it 
leveled above the rivet row.  High eddy-current signals were recorded at only three rivet 
holes in rivet row ‘D’. 
Figure 5.2.  The percentage of rivet holes with high Eddy-current signals in rivet rows ‘A’, ‘B’, 
and ‘C’ as a function of load cycles. 
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Figure 5.3. The distribution of rivet holes in the lap joint with high eddy current inspection signals 
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signals higher than the 15-mV threshold; the open circles represent rivet holes where the 
inspection signals never exceeded 15mV.  As seen in the figure, after 26,360 cycles, 3% 
of the rivet holes in the upper rivet row showed high inspection signals.  That ratio 
increased to 11% at 53,470 cycles, to 20% at 75,114 cycles, and to 48% at the end of the 
fatigue test at 107,458 cycles.  High-signal holes in rivet row ‘A’ were well distributed 
over the entire length of the lap joint.  Additionally, by the end of the fatigue test, high 
eddy current signals have been recorded at five of the six skin rivet holes attaching the 
shear clips to the skin at the frame locations near row ‘A’.  Those shear-clip rivet holes 
are 0.84" (21.3-mm) away from rivet row ‘A’.  One of these shear-clip rivet holes is 
shown in Figure 5.4. 
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Figure 5.4.  A photograph showing one of the shear-clip rivets near rivet row ‘A’ where high 
eddy current signals were detected. 
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Throughout the fatigue test, less significant changes were seen in the number of high-
signal rivet holes in rows ‘B’ and ‘C’.  In rivet row ‘B’, the percentage of rivet holes with 
high signals increased from 3% at 26,360 cycles to 9% at 107,458 cycles.  In row ‘C’, the 
percentage increased from 0% at 26,360 cycles to 6% at 107,458 cycles.  At the end of 
the fatigue test, the number of high-signal rivet holes in rivet row ‘A’ and at the nearby 
shear-clip rivet holes represented about 69% of the entire population of high-signal rivet 
holes in the fuselage panel.  The results of eddy-current inspections for all the rivet holes 
in the lap joint area that have indicated high signals during the test are given in Appendix 
B of this dissertation. 
The majority of the high-signal rivet holes in rivet row ‘A’ indicated subsurface damage 
in the upper half of the rivet hole (above ±90˚).  The angular locations of the high eddy-
current signals recorded in rivet row ‘A’ are plotted in Figure 5.5.  Out of 46 high eddy-
current indications in rivet row ‘A’, 44 were located in the upper half of the rivet hole.  
Additionally, more than 77% of those 44 indications had angular orientations between 
−105˚ to −120˚ and +105˚ to +120˚, Figure 5.5.  Thus, cracks tend to initiate in the upper 
half of the rivet hole, as indicated by the majority of eddy-current indications in rivet row 
‘A’.  According to Muller [2], the critical location for crack initiation around the rivet 
hole is shifted to the upper edge due to local bending and rivet clamp-up force. 
The Rotating-Probe Eddy Current system was very effective in detecting cracks before 
they became through-the-thickness.  All the visually-detected cracks in the lap joint were 
initially detected by eddy current inspections well before they became visible.  The 
results of eddy current inspections for each rivet hole in the lap joint area were overlaid in 
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a single plot to compare all inspection results and to better track changes in the signals 
with the increasing number of cycles.  
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Figure 5.5.  The angular orientations for the majority of eddy-current indications in rivet row ‘A’ 
were between −105˚ to −120˚ and +105˚ to +120˚. 
 
An example is shown in Figure 5.6 for rivet hole A23 located in bay 2 in the upper rivet 
row of the lap joint between frames F2 and F3.  Representative results of five inspections 
(out of 42 total inspections) are shown in the figure, including the baseline inspection that 
was conducted before the test.  The plots in Figure 5.6 show continuously increasing 
eddy-current signals indicating increasing subsurface crack size on both sides of rivet 
hole A23, around locations −120˚ and +105˚. 
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Figure 5.6.  Eddy current inspection results for rivet hole A23 showing high signals around the 
−120˚ and +105˚ locations. 
 
The progression of the eddy-current inspection signals throughout the fatigue test for the 
left and right sides of rivet hole A23 as a function of the number of load cycles is shown 
in Figure 5.7.  The plot in Figure 5.7 were obtained by compiling the results of all eddy-
current inspections of rivet hole A23, such as those shown in Figure 5.6.  The angular 
locations corresponding to the highest signal amplitude on the left side ( ) and the 
right side ( ) of the rivet hole were determined from the results of the last inspection.  
Data points in Figure 5.7 represent the highest signal amplitudes recorded within ±5° of 
 and  during each of eddy-current inspections conducted for rivet hole A23.  
Since inspection by the Rotating-Probe Eddy Current system requires manual positioning 
of the probe by the operator around the rivet hole, the margin of ±5° was necessary to 
L
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account for the inherent variability in the probe position between successive inspection 
sessions.  
As shown in Figure 5.7, inspection signals first exceeded the 15-mV threshold at 34,870 
cycles for the right side of rivet hole A23, and at 56,740 cycles for the left side.  For both 
locations the inspection signals continued to increase, indicating subsurface fatigue crack 
growth.  Eventually, through-the-thickness cracks were visually detected at both 
locations.  On the right side of the rivet hole, crack A23-R was visually detected at 
80,550 cycles.  On the left side, crack A23-L was visually detected at 88,430 cycles. 
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Figure 5.7.  The progression of eddy-current inspection signals on the right and left sides of rivet 
hole A23. 
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Similarly, high eddy-current inspection signals were recorded at two locations around the 
neighboring rivet hole A22.  High signals were recorded at the +105º and −130º locations 
of that rivet hole, Figure 5.8.  Eddy current inspection signals at the two locations steadily 
increased and, later, through-the-thickness cracks were visually detected (Cracks A22-L 
and A22-R), Figure 5.9.  The level of eddy-current inspection signals when cracks were 
visually detected at rivet holes A23 and A22 was in the range of 100 to 110 mV. 
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Figure 5.8. Eddy current inspection results for rivet hole A22 showing high signals around the 
−130˚ and +105˚ locations. 
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Figure 5.9.   The progression of eddy-current inspection signals on the right and left sides of rivet 
hole A22. 
 
 
5.3. Visual Detection of MSD Cracks 
Following eddy-current indications of subsurface MSD, through-the-thickness cracks 
were visually observed at rivet holes in the upper rivet row of the lap joint and at the 
nearby outer skin shear-clip rivet holes.  Cracks in the upper rivet row of the lap joint 
linked up during the fatigue test.  The characteristics of MSD crack formation and growth 
in the upper rivet and at the shear-clip rivet holes row from visual observations will be 
discussed in the following sections. 
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5.3.1. Development of Cracks in Lap Joint’s Upper Rivet Row 
The first visually detectable damage in the upper rivet row occurred after 51,500 fatigue 
cycles at rivet hole A23 located in skin bay 2 between frames F2 and F3, Figure 5.10.  A 
crack was first detected on the rivet head of A23.  The rivet-head crack grew along a 
curved path and, as was indicated by water leak, appeared to be a through-the-thickness 
crack.  Rivet head cracks, similar in shape and location to that seen in rivet A23, were 
seen at later stages at six other rivets (rivet A7, 8, 9, 22, 24, and 55) all located in the 
critical upper rivet row. 
Post-test fractographic examinations of cracked rivet heads revealed that the cracks 
initiated near the shank-countersink interface of the rivet, Figure 5.11(a).  Marker bands 
and fatigue striations on the rivet-head fracture surfaces confirmed that the failure 
resulted from fatigue loading, Figure 5.11(b).  Rivet-head fatigue is attributed to cyclic 
pressure on the countersunk head due to out-of-plane bending of the skin along the 
critical rivet row.  As a result of the cyclic pressure exerted by the skin, the countersunk 
rivet head experiences cyclic bending, as illustrated in Figure 5.11(c). 
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Figure 5.10.   Rivet-head cracks were detected on rivet A23 and six other rivets located in the 
critical upper rivet row. 
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Figure 5.11. Fractographic examinations of rivet-head fracture surfaces showed marker bands, 
indicating fatigue failure. 
 
The first through-the-thickness skin crack in the upper rivet row occurred at 80,550 
fatigue cycles on the right side of rivet hole A23.  Most importantly, the crack was 
initially observed at some distance away from the periphery of the rivet hole, Figure 
5.12(a).  This crack, designated A23-R, grew to the left and to the right and linked up 
with the rivet hole at 85,250 fatigue cycles, Figure 5.12(b).  A second through-the-
thickness crack occurred on the left side of rivet A23 (crack A23-L) at 88,390 cycles, 
Figure 5.12(c).  Crack A23-L also grew to the left and to the right and linked up with the 
rivet hole at 91,840 fatigue cycles, Figure 5.12(d).  Shortly after that, the rivet head has 
completely fractured, Figure 5.12(e). 
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Figure 5.12.  Development of MSD cracks at rivet hole A23 in the critical upper rivet row of the 
lap joint (open circles indicate crack tip locations). 
 
MSD cracks developed in a similar manner at the neighboring rivet hole A22, Figure 
5.13.  A crack was first seen on the rivet head of A22 at 82,645 fatigue cycles.  Cracks 
A22-L and A22-R were first observed on the left and right sides of A22 at 89,450 and 
96,880 cycles, respectively.  As with rivet hole A23, both cracks at A22 were initially 
observed at some distance away from the rivet hole and later linked up with the hole.  
Crack formation at rivet holes A23 and A22 is summarized schematically in Figure 5.14. 
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Figure 5.13.  The rivet-head crack and skin cracks at rivet hole A22 (open circles indicate crack 
tip locations). 
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Figure 5.14.  Schematics showing crack formation at rivet holes A23 and A22.  
 
Post-test fractographic examinations revealed that cracks at rivet holes A23 and A22 
initiated along the faying surface near the rivet hole.  Cracks at both rivet holes 
propagated to the free surface of the skin leaving uncracked ligaments next to the rivet 
hole.  Two major factors, apparently, contributed to the crack growth behavior at rivet 
holes A22 and A23:  (i) high residual stresses resulting from the rivet clamp-up force, and 
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(ii) high tensile stresses along the faying surface due to local bending.  Results of the 
fractographic examinations are discussed in chapter 6. 
Crack length as a function of the number of fatigue cycles for the four cracks detected at 
rivet holes A22 and A23 are plotted in Figure 5.15.  The data in the plots are based on 
visual measurements recorded using the RCCM system’s narrow-field-of-view cameras 
(section 3.5).  Results show that crack growth behavior of all four cracks was very 
similar.  Crack growth rates of the four cracks generally ranged between 10-5 and 10-4 
inches per cycle (3×10-7 to 3×10-6 m/cycle), Figure 5.16.  Initially, crack growth rates 
were nearly steady; as cracks grew longer, crack growth rates started to increase as the 
crack lengths increased.  The polynomial method was used to calculate the crack growth 
rates, as described in the ASTM Standards [3]. 
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Figure 5.15.  Crack length vs. the number of cycles for visual cracks at rivet holes A22 and A23. 
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Figure 5.16.  Crack growth rates of the visual cracks at rivet holes A22 and A23. 
 
Appendix C of this dissertation includes tables of all the crack length measurements 
recorded during the fatigue test using the narrow-field-of-view cameras of the RCCM 
system. 
 
5.3.2. Development of Cracks at the Shear-Clip Rivet Holes  
Through-the-thickness MSD cracks in the skin were also detected emanating from the 
shear-clip rivet holes near the upper rivet row of the lap joint (row ‘A’).  Rivets at these 
locations attach the shear clips to the skin, Figure 5.4.  The shear clips attach frames to 
the skin.  The panel includes six shear-clip rivet holes near the rivet row ‘A’, one at each 
frame location.  Shear-clip rivet holes at these locations were identified as potentially 
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susceptible to cracking [4].  Cracks were seen at the four middle holes located at frames 
F2, F3, F4, and F5, Figure 5.17. 
Images of the skin cracks at shear-clip rivet hole F5-5 at frame F5 are shown in Figure 
5.17.  The images were taken using the narrow-field-of-view camera of the RCCM 
system.  The first crack at shear-clip rivet hole F5-5 was seen at the −90° orientation after 
75,510 fatigue cycles, Figure 5.17(a).  A second crack was detected 50 fatigue cycles 
later (at 75,560 cycles) at the +15° orientation, Figure 5.17(b).  At 76,630 cycles, a third 
crack was detected at rivet hole F5-5 at the +45° location, Figure 5.17(c).  Additional 
cracks were detected around the same time at shear-clip rivet hole F4-5 at frame F4, and 
later at rivet holes F2-5 and F3-5 at frames F2 and F3. 
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Figure 5.17.  Development of cracks at shear-clip rivet hole F5-5 (open circles indicate crack tip 
locations). 
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Multiple through-the-thickness cracks were seen at each of the four shear-clip rivet holes, 
compared to two cracks per rivet hole in rivet row ‘A’ of the lap joint.  Eight cracks were 
detected at shear-clip rivet hole F4-5 and three were detected at hole F3-5, Figure 5.18.  
Crack branching was observed at rivet hole F3-5.  Additionally, cracks at the shear-clip 
rivet holes propagated in multiple directions, whereas in rivet row ‘A’ crack growth was 
strictly in the longitudinal direction. 
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Figure 5.18.  Eight cracks were detected at shear-clip rivet hole F4-5 and three were detected at 
F3-5.  Crack branching was observed at F3-5. 
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Crack lengths as a function of the number of cycles for two of the cracks at the shear-clip 
rivet holes are shown in Figure 5.19 along with the four cracks at rivet holes A22 and 
A23.  Crack growth rates at the shear-clip rivet holes ranged between 10-6 and 10-5 inches 
per cycle (3×10-8 to 3×10-7 m/cycle), relatively lower crack growth rates in rivet row ‘A’, 
Figure 5.20.  Strain distribution results showed that there was a 50% reduction in the 
hoop strain near the frames, as was discussed in section 4.4.1.  As a result, crack growth 
rates at the shear-clip rivet holes are relatively lower. 
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Figure 5.19.  Crack length vs. the number of cycles for visual cracks in rivet row ‘A’ and at the 
shear-clip rivet holes. 
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Figure 5.20.  Crack growth rates at the shear-clip rivet holes were lower than those in the lap joint 
upper rivet row. 
 
 
5.3.3. Effect of Local Bending 
As discussed in section 5.2, eddy-current inspections indicated the presence of damage at 
48% of the rivet holes in the upper rivet row of the lap joint (row ‘A’).  In addition, 
through-the-thickness cracks were seen at rivet holes in row ‘A’ and at the nearby shear-
clip rivet holes.  Cracks in row ‘A’ propagated at faster crack growth rates than the cracks 
at the shear-clip rivet holes.  A major factor in MSD crack initiation and the relatively 
high crack growth rates in rivet row ‘A’ was local bending in the lap joint, as was 
discussed in chapter 4.  Strain gage measurements of the membrane and bending 
components of strain indicated that the highest amount of bending was along rivet row 
‘A’, Figure 5.21. 
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Figure 5.21.  Membrane and bending strain components at four locations across the lap joint 
showed that the highest bending was along the upper rivet row. 
 
The high local bending along rivet row ‘A’ resulted from the eccentricity in the joint’s 
geometry and from the higher out-of-plane deformation of the skin at the mid-bay 
location than at the lap joint (pillowing).  The plot in Figure 5.21 indicates a negative 
bending along rivet row ‘A’, which means that the inner surface of the skin at that 
location experiences higher tensile strains than the outer surface.  As a result, cracks tend 
to initiate at the faying surface of the skin along rivet row ‘A’ and propagate to the outer 
surface. 
Several studies have investigated the effect of local bending on MSD crack initiation and 
growth, as was discussed in section 2.2. [5, 6, 7].  Muller [2] showed that the critical 
location around a rivet hole for crack initiation is shifted toward the upper edge of hole 
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due to high local bending and rivet clamp-up forces.  Recall that the majority of high-
signal rivet holes in rivet row ‘A’ have indicated subsurface damage in the upper half of 
the rivet hole (i.e. above the ±90˚ orientations), which suggests a significant role for 
bending and rivet clamp-up force.  Another indication of the significance of local bending 
in crack initiation along rivet row ‘A’ is the rivet-head cracking which was observed prior 
to skin cracking.  Rivets with rivet-head cracks were exclusively located in rivet row ‘A’; 
the crack orientation in all these rivets was very similar. 
In the next section, the linkup of MSD cracks in rivet row ‘A’ of the lap joint and the 
subsequent crack growth behavior will be discussed in details. 
 
5.4. MSD Linkup and Subsequent Crack Growth 
As discussed in section 5.3 above, cracks developed at rivet holes A22 and A23 in the 
upper rivet row of the lap joint.  Cracks from the two adjacent rivet holes grew toward 
each other, Figure 5.22.  At 106,217 cycles, the first crack linkup occurred between 
cracks A22-R (emanating from rivet hole A22) and A23-L (emanating from rivet hole 
A23).  Because the two cracks were non-collinear, there was crack turning at the linkup 
location.  The linkup resulted in a lead crack of a total length of 2.87" (72.9 mm). 
After the first through-the-thickness crack was visually detected at 80,550 cycles, more 
than 25,600 fatigue cycles were applied before the first crack linkup occurred.  
Subsequent to that first linkup, crack growth rates increased significantly.  The resulting 
lead crack propagated through a dozen rivet holes to a length of 16.04" in less than 1,250 
fatigue cycles, as will be discussed below. 
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Figure 5.22.  The first crack linkup occurred after 106,217 cycles between rivet holes A22 and 
A23 in the upper rivet row. 
 
 
The progression of the lead crack along the upper rivet row of the lap joint is illustrated 
in Figure 5.23.  The length of the lead crack immediately after the first linkup was 2.87" 
(72.9 mm), Figure 5.23(a).   Soon afterwards, cracks were detected emanating from rivet 
hole A24.  Cracks A24-L and A24-R were detected at 106,644 and 106,680 cycles, 
respectively, Figure 5.23(b) and Figure 5.23(c).  Post-test fractographic examinations 
revealed that the cracks at rivet hole A24 existed prior to the linkup between A22 and 
A23, as will be discussed in chapter 6. Unlike the cracks at A22 and A23, the two cracks 
at rivet hole A24 were completely linked to the rivet hole when first detected.  In 
addition, cracks A24-L and A24-R grew relatively faster than the other cracks detected 
earlier at rivet holes A22 and A23.  Crack growth behavior at rivet hole A24 was 
influenced by crack interaction and by stress redistribution caused by the lead crack that 
was develop between rivets A22 and A23 [8]. 
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Figure 5.23.  Damage progression in the upper rivet row of the lap joint following the first crack 
linkup between two rivet holes. 
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The second crack linkup occurred 713 cycles after the first linkup when the lead crack 
and crack A24-L grew past each other, Figure 5.23(d).  The two cracks slowed down and 
curved toward each other, forming a football-shaped ligament prior to linkup, Figure 
5.24.  The two cracks were considered linked up once the two tips bypassed each other 
and formed a stress-free ligament.  Several instances of similar crack linkup behavior 
were observed in the previous FAA curved panel studies conducted at the FASTER 
facility [9]. 
 
 
N = 107,222
A22 A23 A24
Crack 
A24-R
Crack A24-L
Lead crack
 
Figure 5.24.  Linkup between the lead crack and crack A24-L at 107,222 cycles.  
 
 
After 109 additional fatigue cycles (at 107,039 cycles), the lead crack grew into rivet hole 
A21 to the left, Figure 5.23(e).  No cracks were visually detected at hole A21 before the 
linkup; nevertheless, fractographic examinations revealed subsurface cracks at this rivet 
hole [10].  Subsequently, there was a noticeable increase in the crack growth rate of the 
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lead crack at both ends, Figure 5.23(f) to Figure 5.23(j).  At 107,425 fatigue cycles, the 
lead crack extended to the right through rivet hole A26, linked up to one of the existing 
cracks at shear-clip rivet hole F3-5, and crossed over into bay 3 of the joint forming a 
two-bay crack, Figure 5.23(k).  Immediately following that, a short crack (crack A27-L) 
was seen on the left side of rivet hole A27, Figure 5.23(l).  At that time, the lead crack 
also grew into rivet hole A19 to the left.   
Within the next eight fatigue cycles (107,445 cycles), the lead crack linked up to crack 
A27-L, reformed on the right side of rivet hole A27, and propagated through rivet hole 
A18 to the left, Figure 5.23(m).  At 107,458 fatigue cycles, the lead crack spanned across 
rivet holes A17 to A27 with a total length of 16.04" (407.4 mm), Figure 5.23(n).  During 
the last few cycles, the lead crack grew considerably with each load cycle.  The fatigue 
test was terminated at that point after accumulating a total of 107,458 cycles. 
The length of the lead crack as a function of fatigue cycles up to the end of the fatigue 
test is plotted in Figure 5.25.  For clarity, lengths of the left and right segments of the lead 
crack are plotted with reference to the centerline between rivet holes A22 and A23, where 
the first linkup occurred.  It can be seen from the plot that the two parts of the lead crack 
initially grew at approximately the same rate.  However, as the crack grew longer, it grew 
faster to the left than to the right.  This asymmetric crack growth behavior resulted from 
difference in the stress fields at the two crack tips, as will be discussed below. 
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Figure 5.25. Crack length as a function of the number of fatigue cycles for the left and right 
segments of the lead crack. 
 
Crack growth rates of the two ends of the lead crack and of the individual MSD cracks 
that emanated from rivet holes A22 and A23are plotted in Figure 5.26.  As shown, crack 
growth rates of the lead crack increased with the increase in crack length and were 
substantially higher than those of the individual MSD cracks.  The plot in Figure 5.26 
also shows that crack growth rates of the left-hand side of the lead crack were higher than 
those of the right-hand side, especially toward the end of the fatigue test. 
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Figure 5.26.  Crack growth rates of the lead crack were substantially higher than those of 
individual MSD cracks. 
 
Due to difference in the stress fields at the left and right tips of the lead crack, the crack 
grew asymmetrically.  The location of the lead crack immediately after the first crack 
linkup between A22 and A23 was not centered at the mid-bay but rather offset to the 
right, Figure 5.23(a).  As the crack grew longer, it was approaching the mid-bay to the 
left and frame F3 to the right.  Fuselage stiffeners (frames, stringers, and shear clips) act 
as crack arresters.  As a propagating crack approaches a stiffener location, some of the 
strain energy released during crack extension is absorbed by the stiffener [11].  
Accordingly, crack growth is slowed or even completely stopped.  In the current lap joint, 
the right part of the lead crack started to slow down as the crack propagated closer to 
frame F3 (as indicated by the last few data points in Figure 5.26).  On the other hand, the 
length of the left part of the lead crack extended considerably with each load cycle 
toward the end of the fatigue test, at which stage the fatigue test was terminated. 
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5.5. Final Failure of the Lap Joint 
After the completion of the fatigue test, the damaged fuselage panel was subjected to a 
residual strength test by applying loads quasi-statically until final failure of the joint.  The 
objective was to determine the load-carrying capacity of the damaged panel.  The internal 
pressure was increased very slowly by 2-psi increments up to 14 psi and by 1-psi 
increments thereafter.  The hoop, longitudinal, and frame loads were incremented 
accordingly.  During the residual strength test, crack length measurements were recorded 
via the cameras of the RCCM system; strain gage readings were recorded continuously.  
The state of damage in the lap joint of the fuselage panel at the beginning of the residual 
strength test is summarized in Figure 5.27.  The fatigue test was terminated after 
accumulating a total of 174,458 load cycles, including 107,458 full-load cycles.  As 
discussed in sections 5.3 and 5.4 above, crack linkup occurred in the upper rivet row of 
the lap joint and resulted in a lead crack that grew rapidly across 12 rivet holes to a length 
of 16.04" (407.4 mm).  Through-the-thickness cracks were also observed at the four 
middle shear-clip rivet holes near rivet row ‘A’ of the lap joint at frames F2, F3, F4, and 
F5.  The cracks at shear-clip rivet hole F3-5 (along frame F3) linked up to the lead crack 
shortly before the fatigue test was terminated.  As a result of that linkup, the lead crack 
crossed over frame F3 into bay 3 of the joint and became a two-bay crack.  In addition to 
the visible cracks, eddy-current inspections indicated subsurface MSD-type cracks at 
many rivet holes in the lap joint area.  The majority of rivet holes with high eddy-current 
indications were located in the critical upper rivet row of the lap joint, as indicated by the 
solid circles in Figure 5.27. 
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Figure 5.27.  The state of damage in the lap joint at the end of the fatigue test. 
 
During the residual strength test, no further crack extension was observed until the 
internal pressure reached 15.5 psi (the maximum applied pressure during the fatigue test 
was 16 psi).  A plot of crack lengths of the left and right parts of the lead crack versus the 
applied internal pressure is shown in Figure 5.28.  Crack length measurements are 
presented with reference to a centerline midway between rivet holes A22 and A23, where 
the first crack linkup occurred during the fatigue test.  As seen in the plot, further crack 
extension started at a pressure of 15.5 psi at the left tip of the crack.  Consequently, the 
crack extended on both ends.  To the left, the crack slowed down as it approached the 
location of frame F2 and, eventually, arrested.  However, to the right, the crack continued 
to propagate into bay 3 of the lap joint.  As the internal pressure was further increased 
from 17 psi, the crack extended explosively to the right all the way to the end of the lap 
joint at frame F6.  The catastrophic failure occurred at an internal pressure of 17.83 psi.  
The final length of the crack was 75.80" (1.925 m). 
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Figure 5.28.  Crack extension vs. the applied internal pressure during the residual strength test. 
 
Details of the lap joint fracture are shown schematically and by photographs in Figure 
5.29.  As the figure shows, the crack arrested at frame F2 to the left after linkup to 
existing cracks at the shear-clip rivet hole F2-5.  To the right, the crack extended across 
bays 3, 4, and 5 of the joint.  Inspections of the substructure of the fuselage panel at the 
end of the residual strength test revealed that frames F3, F4, and F5 had completely 
fractured under the lap joint, Figure 5.30.  As shown by the photographs in the figure, 
frame fractures ran across the entire cross-sections of the frame.  The cracks passed 
through the fastener holes attaching the frames to the shear clips, stringers, and 
intercostals. 
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Figure 5.29.  Photographs showing the state of damage of the fuselage panel at the end of the 
residual strength test. 
 
 
The panel exhibited very little crack turning; as result, no flapping occurred.  The crack 
extended along the upper rivet row of the lap joint; limited crack turning occurred at the 
locations of shear-clip rivet holes F4-5 and F5-5 where the lead crack linked up to 
existing MSD cracks.  The crack arresting and turning capabilities of the fuselage panel 
were compromised as a result of three major factors: 
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(i) Multiple cracks at the shear-clip rivet holes, which made it easier for the lead 
crack to cross over the frames instead of turning or stopping. 
(ii) Subsurface MSD cracks at several rivet holes ahead of the lead crack in rivet 
row ‘A’, as indicated by eddy-current inspections (and confirmed by post-test 
fractographic examinations, chapter 6), and  
(iii) Frame failures at frames F3, F4, and F5 under the lap joint. 
 
As a result of subsurface MSD cracks, a lead crack will tend to continue propagating 
along the rivet row rather than turn or flap.  A 20" (508-mm) long crack was discovered 
in the lap joint of an in-service Boeing 727 airplane during routine maintenance [12].  
Further investigations showed that the crack resulted from the linkup of multiple cracks 
at adjacent rivet holes in the lap joint and propagated as a lead crack.  Interaction with 
MSD cracks at multiple rivet holes in the lap joint of the Boeing 727 “hindered the lead 
crack’s inherent tendency to flap, continually redirecting the lead crack in the 
longitudinal direction” [12]. 
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Figure 5.30.  Photographs showing the fractures of frames F3, F4, and F5. 
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5.6. Conclusions 
In this chapter, the characteristic of MSD crack formation and growth as recorded by 
nondestructive and visual inspections during fatigue testing were discussed.  Key findings 
included: 
• Due to high local bending, the upper rivet row of the lap joint (row ‘A’) was a 
critical location for crack initiation and growth.   
• Damage formation in the lap joint was initially detected by nondestructive 
inspections conducted using the Rotating-Probe Eddy Current system.  The 
number of rivet holes in row ‘A’ with crack indications subsequently increased.  
• By the end of the fatigue test at 107,458 load cycles, the percentage of the rivet 
holes in row ‘A’ with eddy-current damage indications was 48%, compared to 9% 
and 6% of the rivet holes in rows ‘B’ and ‘C’, the two middle rows, respectively. 
• Due to local bending and rivet clamp-up force, the critical location around the 
rivet hole was shifted toward the upper edge of the hole.  Therefore, 96% of the 
high eddy-current indications in rivet row ‘A’ were located in the upper half of 
the rivet hole (i.e. above the ±90˚ orientations).  
• Through-the-thickness cracks were visually observed at rivet holes in rivet row 
‘A’ of the lap joint and at the nearby shear-clip rivet holes.  Due to differences in 
the stress fields, cracks in rivet row ‘A’ propagated faster than the cracks at the 
shear-clip rivet holes.  
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• Rivet-head cracks were observed at seven rivets in rivet row ‘A’ beginning at 
51,500 cycles.  Fractographic examinations revealed that rivet-head cracks 
initiated near the shank-countersink interface of the rivet as a result of cyclic 
pressure on the countersunk rivet head due to local bending of the skin.  Detection 
of marker bands on the rivet-head fracture surfaces confirmed that the failure 
mode was fatigue. 
• Skin cracks were observed at rivet holes A23 and A22 in rivet row ‘A’ beginning 
at 80,550 cycles.  Initially, cracks were observed at a distance away from the rivet 
holes due to residual stresses around the hole, as will be further discussed in 
chapter 6. 
• The first MSD crack linkup in the lap joint occurred between rivet holes A22 and 
A23 at 106,217 cycles.  The linkup resulted in a 2.87" (72.9-mm) long lead crack, 
which propagated at faster rates than the individual MSD cracks. 
• Following the first crack linkup, there was a quick deterioration in the structural 
integrity of the lap joint.  The lead crack extended across 12 rivet holes in less 
than 1,250 cycles, at which stage significant crack extension was observed during 
each load cycle.  The fatigue test was terminated to conduct a residual strength 
test. 
• The panel was subjected to quasi-static loads to determine its load-carrying 
capacity.  Catastrophic failure occurred at an internal pressure of 17.83 psi when 
the lead crack extended to a final length of 75.80" (1.925 m). 
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• During the final failure of the panel, frames F3, F4, and F5 fractured completely 
under the lap joint.  The cracks in these three frames passed through the fastener 
holes attaching the frames to the shear clips, stringers, and intercostals. 
• No crack turning or flapping occurred during the final unstable crack extension.  
Three major factors led to this behavior: (i) multiple cracks at the shear-clip rivet 
holes at the frame locations, (ii) subsurface MSD cracks at several rivet holes in 
rivet row ‘A’ ahead of the lead crack, as indicated by eddy-current inspections, 
and (iii) multiple frame failures under the lap joint. 
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6.1. Introduction 
This chapter discusses the results of the post-test fractographic examinations conducted 
to determine subsurface crack growth behavior.  During the fatigue test, through-the-
thickness cracks were detected visually first at rivet holes A23 and A22 in the upper rivet 
row of the lap joint.  At a later stage, crack linkup occurred between these two rivet holes 
resulting in a 2.87" (72.9-mm) long lead crack.  The current discussion focuses on the 
formation and growth of subsurface cracks at rivet holes A23 and A22.  Comprehensive 
fractographic examinations were conducted to characterize subsurface crack initiation 
and growth behavior along the entire lap joint [1, 2].   
After completing the fatigue test, skin sections containing the rivet holes were cut out to 
expose the fracture surfaces.  In order to remove the adhesives and/or oxides obscuring 
the fracture surfaces, the rivet-hole sections were cleaned thoroughly using an ultrasonic 
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cleaner.  Fracture surfaces were examined under an SEM that has a field-emission 
electron source providing high image quality. 
Subsurface crack growth histories were reconstructed by tracking marker bands that were 
formed on the fracture surfaces by applying the 6-4-10 marker-band loading spectrum, 
section 3.6.  The locations of marker bands on the fracture surfaces were mapped out and 
used to measure crack lengths and crack growth rates.  These subsurface measurements 
were correlated with measurements of the visual crack lengths and crack growth rates 
recorded during the fatigue test.   
From crack growth rate measurements, the driving force for crack growth was estimated 
by calculating the apparent stress-intensity factor ranges at the crack front.  Furthermore, 
correlations were made between subsurface crack length measurements and the results of 
eddy-current inspections conducted during the fatigue test. 
  
6.2. General Fracture Surface Characteristics 
Crack A23-R was the first visually-detected crack in the upper rivet row of the lap joint.   
The crack was detected on the right-hand side of rivet hole A23, at a short distance away 
from the rivet hole, as was discussed in section 5.3.  Crack A23-L was visually detected 
on the left-hand side of rivet hole A23, similarly, at a short distance away from the rivet 
hole.  Images of the fracture surfaces of cracks A23-R and A23-L are shown Figure 6.1.  
The two SEM images in the top show wide views of the two sides of rivet hole A23.  The 
figure also shows details, at high magnification, of the faying surface near the rivet hole 
on both sides.   
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Figure 6.1. SEM images of the fracture surfaces of cracks at rivet hole A23 showing faying-
surface damage and different crack planes. 
 
As seen in the higher-magnification images, both corners of rivet hole A23 were highly 
deformed.  The images show damage at multiple locations along the faying surface of the 
skin, on both sides of the rivet hole.  This faying surface damage resulted from fretting 
between the surfaces of the skin and finger doubler.  Fretting occurs due to relative cyclic 
motion (usually, of very small displacements) between two surfaces that are in tight 
contact [3].  Piascik [4] concluded that the presence of “black oxide and disturbed metal” 
along the faying surface of a 2024-T3 aluminum skin suggests fretting.  Similar multiple 
damage locations were found in the vicinity of nearly all examined rivet holes in rivet 
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row ‘A’ of the lap joint.  Marker-band plots indicated that the fatigue cracks initiated at 
these faying-surface damage locations, as will be discussed in section 6.3.  
Another important feature that was common on the fracture surfaces was the presence of 
ridges extending from the faying surface across the thickness.  Examples are shown for 
cracks A23-R and A23-L in Figure 6.1 and for crack A22-R in Figure 6.2.  A relatively 
long ridge that extended nearly across the entire thickness of the skin was found on the 
fracture surface of crack A22-R.  High-magnification images on the two sides of this 
ridge showed marker bands with different orientations indicating crack growth in 
different directions, Figure 6.2(c).  Ridges are formed by the linkup of non-coplanar 
cracks [5].  
 
(c)(b)
(a) 1 mm
200 µm 20 µm
 
Figure 6.2.  Images of the fracture surface of crack A22-R showing two crack planes and multiple 
crack growth directions. 
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Fractographic examinations revealed multiple crack initiation sites at many rivet holes in 
the upper rivet row of the lap joint.  An example is shown in Figure 6.3 for the left side of 
rivet hole A35, located in skin bay 3 about 20" (508-mm) away from rivet hole A23, 
chapter 3.  The image in Figure 6.3(a) shows a relatively long fatigue crack (length 
~0.08" (2 mm)) next to the rivet hole.  There are five other smaller fatigue cracks along 
the faying surface to the left of this large crack.  Two of the small cracks have already 
linked up with the large crack.  The distance from the rivet hole to the small fatigue crack 
at the far left is about 0.24" (6 mm).  Due to the linkup of such small, independent cracks, 
the total crack length along the faying surface can be significantly large before the crack 
reaches the outer surface of the skin.  Furthermore, tensile stresses were the highest along 
the faying surface as a result of local bending of the skin, as was discussed in chapter 4.  
Consequently, crack growth tends to be faster along the faying surface than in the 
transverse (through-thickness) direction.   
An example of significant subsurface crack growth is shown in Figure 6.4 for crack A46-
L, on the left side of rivet hole A46 in skin bay 4.  As can be seen, crack A46-L 
propagated to a length of about 0.32" (8 mm) as a part-through crack completely hidden 
under the clad layer of the skin.  The crack did not propagate into the region near the 
countersink of the rivet hole.  Instead, that region failed statically during the final 
unstable crack extension.  Similar crack growth behavior was confirmed by tracking 
marker bands near rivet holes A23 and A22, as will be discussed in the next section. 
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Figure 6.3.  SEM images of rivet hole A35 showing multiple crack initiation sites along the 
faying surface outside the rivet hole.  The arrows in (b) indicate the location of a marker band. 
 
 
0.5 mm
Static failure regions
Fatigue crack 
 
Figure 6.4.  Crack A46-L on the left side of rivet hole A46 propagated to a length of 0.32" (8 
mm) as a part-through crack. 
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6.3. Reconstruction of Subsurface Crack Fronts 
In this section, results of the reconstruction of subsurface fatigue are discussed.  This 
analysis is based upon detailed measurements of the marker bands formed during the 
fatigue loading as a result of the application of underload marker cycles 
 
6.3.1. Marker-Band Morphologies  
The 6-4-10 loading spectrum, Figure 6.5(a), was applied to the curved fuselage panel to 
generate marker bands on the fracture surfaces.  Examples of typical appearances of the 
six-, four-, and ten-marker-band groups (6M, 4M, and 10M) are shown in Figure 6.5(b), 
Figure 6.5(c), and Figure 6.5(d), respectively.  In general, despite the ruggedness of the 
fracture surfaces, marker bands were readily detectable under the SEM at magnification 
levels ranging from 350X to over 3000X.  The required level of magnification and the 
clarity of marker band appearances varied depending, primarily, on crack lengths and 
crack growth rates.  At the faying surface near the rivet-hole corner, higher 
magnifications were needed to detect marker bands.  Even then, due to crack growth from 
multiple, independent nucleation sites, marker bands were difficult to track or interpret.  
Several of the marker bands in the crack initiation region were poorly defined, as shown 
for a 4M marker band group in Figure 6.6(a).  
As the crack lengths and crack growth rates increased, crack fronts became better defined 
and marker bands easier to detect and track.  An example is shown in Figure 6.6(b) with 
an SEM image that includes all three marker-band groups.  Dashed lines in the figure 
indicate the boundaries of each marker-band group.  In some cases, individual fatigue 
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striations, each resulting from crack extension during a single load cycle [6], were 
identified.   
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Figure 6.5.  (a) The 6-4-10 marker-band loading spectrum and (b), (c), and (d) typical 
appearances of marker bands on the fracture surface. 
 
The SEM fractographs of a well-defined 10M marker band group shown in Figure 6.7 
clearly exhibits hills and valleys corresponding to crack growth during ten full-load 
cycles and 100 underload cycles, respectively.  Individual fatigue striations that make up 
the hills are clearly visible in the high-magnification image.  Striations were generally 
less recognizable in the valley regions of the marker bands due to slow crack growth 
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during the underload cycles.  Comparison of the sizes of the hills and valleys of the 10M 
in Figure 6.7 indicates that the crack propagated a longer distance during ten full-load 
cycles than it did during 100 underload cycles, as expected.  
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Figure 6.6.  The morphology of fracture surfaces varied depending on crack length: (a) a poorly-
defined 4M marker band group near crack initiation site, (b) a 6M, a 4M, and a 10M marker band 
groups at a location further down the crack growth path, and (c) coarse fatigue striations, 
indicating rapid crack growth prior to crack linkup.  Fractographs taken on the right side of rivet 
hole A23. 
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Approaching the location of crack linkup, marker bands were no longer recognizable.  
Instead, the fracture surface was characterized by fatigue striations that were visible at 
low magnifications, Figure 6.6(c).  As the SEM image of the fracture surface of crack 
A23-R in the figure shows, striations were coarse and had multiple local curvature 
directions.  The relatively large spacings between striations indicate rapid crack growth.  
The local average crack growth rate is equal to the average spacing between two 
neighboring striations. 
Marker-band morphologies were generally similar for the various cracks.  Another 
example is shown in Figure 6.8 for the left side of rivet hole A23. 
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Figure 6.7.  Images of a well-defined 10M marker band group on the left side of rivet hole A23 
showing hills and valleys corresponding to full-load and underload cycles, respectively.  
Individual fatigue striations are visible on the hills. 
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Figure 6.8.   Images showing different fracture surface morphologies for crack A23-L at varying 
crack lengths. 
 
 
6.3.2. Mapping of Marker-Band Groups 
In order to study subsurface crack growth behavior, crack-front shapes were 
reconstructed by mapping the locations of marker bands on the fracture surfaces.  A local 
Cartesian x-y coordinate system was established on the fracture surface with the origin 
(0, 0) located at the bottom corner of the rivet hole.  Measurements of the x- and y-
coordinates of several points along each marker band relative to the origin were recorded.  
For each marker band group, the coordinates of a sufficient number of points to 
determine its location and curvature were measured.  All measured points were then 
plotted to a large scale (about 1:50).  Crack lengths and crack growth rates were 
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measured directly from the plots.  A similar procedure was used by Willard [7].  Marker-
band plots of the fracture surfaces on the left- and right-hand sides of rivet holes A23 and 
A22 will be discussed next.   
The plot of the marker band groups in the initial part of the fracture surface of crack A23-
R near the rivet hole is shown in Figure 6.9.  For clarity, the plot is stretched in the y-
direction; i.e. the aspect ratio of the plot (the ratio of the y-axis to the x-axis) is larger 
than 1.0.  Each curve represents all the data points recorded for a single marker band.  
Recall that crack A23-R, which was the first visually-detected crack in the upper rivet 
row of the lap joint, was initially observed at a distance away from the rivet hole.  The 
location on the outer surface of the skin where the crack was initially observed is 
indicated in the figure by the bold horizontal line. 
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Figure 6.9.  Marker-band plot of the initial part of the fracture surface of crack A23-R near the 
rivet hole. 
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As shown in Figure 6.9, marker bands could be traced back to the crack initiation site at 
the faying surface, a short distance away from the bottom corner of rivet hole A23.  This 
crack initiation site, determined from tracking the back marker bands, coincided with the 
location of the faying-surface damage shown in Figure 6.1.  The marker bands indicated 
that the crack front of A23-R propagated initially faster in the transverse direction (across 
the thickness, in the y-direction).  Soon, the crack growth in the transverse direction 
slowed and the crack propagated primarily in the longitudinal direction, away from the 
rivet hole, forming part-elliptical crack fronts.  The crack reached the outer surface of the 
skin without propagating into the region near the countersink of the rivet hole; no marker 
bands or striations were detected in that region.  Three factors contributed to this crack 
growth behavior:  
• Crack initiation at multiple sites along the faying surface, Figure 6.3, followed by 
the linkup of small cracks to form a long, subsurface crack, as was discussed in 
section 6.2. 
• Local bending of the skin which results in high tensile stresses on the faying 
surface and, consequently, faster crack growth in the longitudinal direction than in 
the transverse direction (toward the free surface).  Fawaz [8] found that the ratio 
of crack depth to crack length decreases as the bending factor (the ratio of 
bending to membrane stresses) is increased.  Similar findings were also reported 
by Phillips [9]. 
• Residual stresses around the rivet hole due to rivet clamp-up force which results 
in  compressive residual stresses, as shown by Atre [10] and Muller [11]. 
 
 154
Complete reconstruction of crack growth histories is shown in Figure 6.10 for rivet hole 
A23 and in Figure 6.11 for rivet hole A22.  For clarity, data points were deleted from the 
plots.  A total of 2,243, 647, 1,003, and 733 points were used to measure the crack fronts 
for cracks A23-R, A23-L, A22-L, and A22-R, respectively.  The large number of points 
measured for crack A23-R established a confidence level in the data collection and 
reduction procedures, thus a fewer number of points was required for the subsequent 
cracks.  For each rivet hole, two marker-band plots are shown.  The aspect ratios of the 
plots in Figure 6.10(a) and Figure 6.11(a) are larger than 1.0 (plots stretched in the y-
direction).  Figure 6.10(b) and Figure 6.11(b) show only the 10M marker band curves 
with a plot aspect ratio of 1.0.  The locations on the outer surface of the skin where cracks 
were initially visually detected are indicated in the figures by bold, horizontal lines on 
both sides of each rivet hole. 
As the figures show, no marker bands were detected in the immediate vicinity of the 
countersink of either rivet holes.  Cracks on both sides of the two rivet holes propagated 
toward the free surface of the skin, leaving an uncracked ligament around the rivet hole.  
At later stages, when the stress level at the crack front became sufficient to overcome the 
compressive stress field around the rivet hole, those uncracked ligaments ruptured.  This 
explains why all four cracks emanating from rivet holes A23 and A22 were first visually 
observed away from the rivet holes.  In addition to the residual stresses near the rivet 
hole, crack initiation at multiple sites on the faying surface and local bending also 
contributed to this crack growth behavior, as was discussed above. 
At both rivet holes A23 and A22, the densities of the marker-band curves were the 
highest near the rivet hole, suggesting slow initial crack growth.  As the cracks became 
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longer, the driving force for crack growth (and, thus, crack growth rates) increased, as 
indicated by the increasing spacing between marker-band curves.  Crack-front shapes 
were part-elliptical, as shown more clearly in Figure 6.10(b) for rivet hole A23 and in 
Figure 6.11(b) for rivet hole A22.  High local bending along rivet row ‘A’ of the lap joint 
produced varying tensile stresses across the thickness of the skin; the faying surface 
experienced the highest tensile stress.   Therefore, the longest crack lengths were 
measured near the faying surface, as will be discussed in more details in section 6.4. 
The marker-band plot for crack A22-R on the right-hand side of rivet hole A22 was 
particularly interesting.  As can be seen in Figure 6.11(a), subsurface cracks initiated 
independently at four sites along the faying surface, points labeled O1, O2, O3 and O4.  
The subsequent crack growth from site O1 followed similar growth pattern as the cracks 
from rivet hole A23, and crack A22-L on the left-hand side of rivet hole A22.  The cracks 
that initiated at sites O2 and O3 progressed initially in the transverse direction before they 
linked up with the first crack from site O1.  A fourth crack grew from site O4.  This 
subsurface crack progressed rapidly away from the rivet hole to the right and was 
partially arrested on the left when it intersected the crack emanating from site O1.  As a 
result, there were two distinct, non-coplanar fracture surfaces; a long ridge was formed at 
the intersection of these two fracture surfaces, Figure 6.2(b).  Marker bands indicated 
crack growth in different directions on the two sides of the ridge, as illustrated by the 
bold arrows in Figure 6.11(a).  Crack length and crack growth rates measured from the 
marker-band plots will be discussed in the next section. 
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Figure 6.10.  Marker-band plots for cracks at rivet hole A23 (a) plots stretched in the transverse direction (aspect ratio > 1.0) and (b) plots showing 
only the ten-marker-band groups with an aspect ratio of 1.0. 
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Figure 6.11.  Marker-band plots for cracks at rivet hole A22 (a) plots stretched in the transverse direction (aspect ratio > 1.0) and (b) plots showing 
only the ten-marker-band groups with an aspect ratio of 1.0. 
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6.4. Subsurface Crack Growth Measurements 
Subsurface crack lengths and crack growth rates were measured from the marker-band 
plots.  The measurements were taken in the longitudinal direction along three planes: (i) 
near the free surface, (ii) along the geometric centerline of the specimen, and (iii) near the 
faying surface, as shown by the dashed lines in Figure 6.10(a).  Crack growth rates were 
calculated by measuring the spacing between marker bands and dividing by the number 
of applied fatigue cycles, 1,000 cycles.   
In order to reconstruct crack growth as a function of the load history, the number of 
cycles associated with each marker-band group was determined.  This was achieved by 
constructing marker-band plots, measuring subsurface crack lengths, and correlating with 
the visual crack length measurements.  To illustrate the procedure, consider the marker-
band plot of crack A23-R which was visually detected during the 26th repetition of the 
marker band load spectrum, at 131,550 total cycles (80,550 full-load cycles), Figure 6.12.  
About 250 cycles before crack A23-R was observed (i.e. at 80,250 full-load cycles), a 
six-marker-band group, 6M26, had been applied.  Hence, in the marker-band plot of A23-
R, three 6M marker band groups were identified nearest the location at the free surface 
where the right crack tip was initially observed.  Assuming each of these three 6M 
marker band groups to be 6M26, subsurface crack lengths as a function of cycles were 
then plotted along with the visual measurements (three different plots).  The 6M marker 
band group that provided the closest correlation between subsurface and visual crack 
length measurements was determined to be the correct 6M26.  Subsurface crack length 
measurements as a function of the number of cycles were recorded accordingly. 
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Crack length and crack growth rate measurements from marker-band plots and 
correlation with the visual measurements recorded during the test are discussed next. 
 
Location where crack was 
initially  visually detected 6M25 6M26 6M27
Cycles
60000 70000 80000 90000 100000 110000
C
ra
ck
 L
en
gt
h 
(in
)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Visual measurements
Fractographic measurements:
Based on 6M25
Based on 6M26
Based on 6M27
3120 
cycles
C
ra
ck
 L
en
gt
h 
(in
)
C
ra
ck
 L
en
gt
h 
(in
)
C
ra
ck
 L
en
gt
h 
(in
)
 
Figure 6.12.  The number of cycles associated with each marker band was determined by 
correlation between fractographic crack length measurements near the free surface and the visual 
measurements. 
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6.4.1. Crack Length Measurements 
Fractographic measurements of subsurface crack lengths near the faying surface, along 
the centerline, and near the free surface are plotted together with the visual measurements 
for cracks A23-R and A23-L and cracks A22-L and A22-R in Figure 6.13 and Figure 
6.14, respectively.  Crack length measurements are plotted as a function of the number of 
load cycles.  The shortest subsurface crack length reconstructed by fractographic 
examinations at rivet holes A23 and A22 was 0.017" (0.43 mm).  This crack length is 
within the range of 0.004" to 0.02" (0.10 to 0.50 mm) of the smallest crack size 
reconstructed in flat 2024-T3 aluminum panels with a similar lap joint configuration 
subjected to the 6-4-10 marker-band loading spectrum [12]. 
The four plots in Figure 6.13 and Figure 6.14 show that substantial subsurface fatigue 
crack growth had occurred before cracks became visible on the outer surface of the skin.  
Fractographic examinations revealed the presence of a crack at rivet hole A23 as early as 
19,000 cycles and at rivet hole A22 as early as 40,000 cycles.  On the other hand, visual 
cracks were not detected near rivet holes A23 or A22 until 80,550 and 89,450 cycles, 
respectively, as listed in Table 6.1.  By the time each of the four cracks at these two rivet 
holes became through-the-thickness, the corresponding subsurface crack lengths 
(measured along the faying surface) ranged from 0.215" to 0.248" (5.46 to 6.30 mm), as 
listed in Table 6.2.  Thus, cracks propagated along the faying surface to lengths of more 
than three times the thickness of the skin (0.063" (1.6 mm)) before reaching the outer free 
surface.   
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Figure 6.13.  Visual and fractographic crack length measurements for (a) crack A23-R and (b) 
crack A23-L. 
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Figure 6.14.  Visual and fractographic crack length measurements for (a) crack A22-L and (b) 
crack A22-R. 
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Table 6.1. Number of cycles when cracks were first detected visually and the corresponding crack 
initiation cycles indicated by fractographic examinations. 
Crack Visual Detection 
Subsurface 
Initiation 
A23-R 80,550 19,460 
A23-L 88,390 43,640 
A22-L 89,450 44,290 
A22-R 96,880 40,090 
 
 
 
Table 6.2.  Visible and faying-surface crack lengths when the cracks were visually detected. 
Crack Length at Visual 
Detection (in) Crack 
Faying Surface Visible 
A23-R 0.248 0.126 
A23-L 0.243 0.154 
A22-L 0.233 0.102 
A22-R 0.215 0.085 
 
 
 
As was discussed in section 6.3, varying tensile stresses across the thickness due to local 
bending contribute to fast crack growth along the faying surface.  Accordingly, crack-
front shapes were part-elliptical with crack lengths near the faying surface being longer 
than those along the centerline or near the free surface.  As the cracks grew longer, the 
differences in crack lengths across the thickness of the skin became less significant.  This 
is more clearly demonstrated in Figure 6.15 which shows a plot of the ratio of crack 
length measured near the faying surface (afaying) to that measured, at the same number of 
cycles, near the free surface (afree).  A ratio of afaying to afree greater than 1.0 indicates a 
larger faying-surface than free-surface crack length.  Initially, the ratio of afaying to afree 
was 1.47 for crack A23-R, 1.90 for crack A23-L, 1.48 for crack A22-L, and 1.57 for 
crack A22-R.  As the four cracks propagated along the faying surface, the ratios of afaying 
to afree decreased significantly.  Only three data points were available for crack A22-R.  
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For the other three cracks, the ratio of afaying to afree continued to decrease and stabilized at 
a value of about 1.1.   This crack growth behavior can be attributed to two factors: (i) the 
relatively long initial afaying due to the linkup of cracks originating at multiple sites at the 
faying surface near the rivet hole, as discussed in section 6.3, and (ii) the decrease in the 
effect of local bending as crack length increases.  It was shown by Phillips [9] that the 
effect of local bending on crack growth behavior is more significant during early crack 
growth.  Lanciotti and Polese [13] concluded that, as the crack propagates farther away 
from the rivet hole in a lap joint, the bending stresses decrease locally due to reduction in 
the bending stiffness of the joint. 
Appendix C of this dissertation includes tables of the subsurface crack lengths measured 
near the faying surface, along the centerline, and near the free surface of the skin.  
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Figure 6.15.  The ratio of faying-surface to free-surface crack lengths decreased significantly as 
the faying-surface crack length increased.  A ratio of 1.0 indicates equal crack length on both 
surfaces. 
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6.4.2. Crack Growth Rates 
Fractographic measurements of crack growth rates for cracks A23-R, A23-L, A22-L, and 
A22-R are plotted as a function of crack length in Figure 6.16 and Figure 6.17.  The 
measurements were taken near the faying surface, along the centerline, and near the free 
surface of the skin, as discussed above.  Crack growth rates calculated from the visual 
measurements recorded during the test are also shown in the plots.  In general, the growth 
behavior of the four cracks was highly similar.  All crack growth rates were higher than 
10-6 inch/cycle (2.5×10-5 mm/cycle).  For each of the four cracks, subsurface crack 
growth rates were in a very good agreement with those calculated from the visual 
measurements.  In addition, crack growth rates increased, nearly linearly, with the 
increase in crack lengths.  This was expected since, under constant-amplitude fatigue 
loading, the stress-intensity factor, and thus the driving force for crack growth, increases 
as a function of the crack length [14]. 
Differences in crack growth rates obtained from fractographic measurements in the 
longitudinal direction near the faying surface, along the centerline, and near the free 
surface of the skin were quite small.  Crack growth rates measured near the free surface, 
however, were slightly higher.  This behavior can be seen in all four plots in Figure 6.16 
and Figure 6.17, especially for the first few measurements near the free surface.  Similar 
behavior was reported by Phillips who investigated fatigue crack growth in center-
cracked 2024-T3 aluminum coupons under combined bending and membrane stresses 
[9].  
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Figure 6.16.  Visual and fractographic crack growth rate measurements for (a) crack A23-R and 
(b) crack A23-L. 
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Figure 6.17.  Visual and fractographic crack growth rate measurements for (a) crack A22-L and 
(b) crack A22-R.  
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In that study, fatigue cracks initiated at the tips of the notch on the back surface (high-
strain surface) of the specimens and propagated as part-through cracks before appearing 
on the front surface (low-strain surface).  Crack growth was initially faster along the low-
strain surface than along the high-strain surface with a gradual decrease in the difference 
in crack length between the two surfaces as the fatigue loading continued. 
From the fractographic measurements of crack growth rates shown in Figure 6.16 and 
Figure 6.17, the apparent stress-intensity factor range at the crack front can be back-
calculated; the results of these calculations are discussed in the next section. 
 
6.4.3. Stress-Intensity Factor Ranges for Subsurface Crack Growth 
In order to quantify the driving force for subsurface crack growth, the apparent stress-
intensity factor range (∆Kapparent) was back-calculated from fractographic measurements 
of crack growth rates.  Obviously, values of ∆Kapparent may vary depending on the 
selected crack growth model and assumptions.  Here, for simplicity, the closure-corrected 
Paris law was selected as the crack growth model where the relationship between 
∆Kapparent and crack growth rate measurements is expressed as follows [15]: 
 
n
apparentKR
fC
dN
da ⎥⎦
⎤⎢⎣
⎡ ∆⎟⎠
⎞⎜⎝
⎛
−
−=
1
1  (6.1)  
Solving for ∆Kapparent gives:  
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where C and n are material constants and R = 0.1 is the applied stress ratio.  The crack 
opening function, f, introduced by Newman [16] to account for plasticity-induced crack 
closure, is given by: 
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The coefficients A0 to A3 are given by: 
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The parameter α is the plane stress/plane strain constraint factor (ranges from 1.0, for 
plane stress condition, to 3.0, for plane strain condition), Smax is the maximum applied 
stress, and σ0 is the flow stress (the average of the ultimate and yield stresses). 
Since the fuselage panel was tested using water as the pressure medium, the selected 
material constants for 2024-T3 aluminum in equations 6.1 to 6.5 represented a distilled-
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water environment, Table 6.3 [17].  The parameters in the table are for the United States 
Customary System Units (USCS). 
 
Table 6.3.  The material constants for 2024-T3 aluminum used in calculating the stress-intensity 
factor range from crack growth rate measurements using USCS [17]. 
C n α Smax/σ0
8.92×10-09 3.282 1.5 0.3 
 
 
Plots of ∆Kapparent as a function of the faying-surface crack length are shown in Figure 
6.18 for cracks A23-R and A23-L and in Figure 6.19 for cracks A22-L and A22-R.  A 
composite plot of ∆Kapparent as a function of the faying-surface crack length for all four 
cracks is shown in Figure 6.20.  The values of ∆Kapparent shown in the plots were 
calculated, following the procedure described above, from crack growth rate 
measurements recorded near the faying surface.  Linear curve fits are indicated by solid 
lines in the plots.  As can be seen, ∆Kapparent increases with the faying-surface crack 
length, as expected.  For a range of crack length of 0.02" to 0.6" (0.5 to15.2 mm), values 
of ∆Kapparent  for the four cracks ranged from about 6.0 to 19.0 ksi.inch1/2 (6.6 to 20.9 
MPa.m1/2).  Since crack growth rates from rivet holes A23 and A22 were similar, there 
was also high similarity in ∆Kapparent calculated for the four cracks.   
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Figure 6.18.  Plots of the apparent stress-intensity factor range back-calculated from subsurface 
crack growth rate measurements for cracks (a) A23-R and (b) A23-L.  
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Figure 6.19.  Plots of the apparent stress-intensity factor range back-calculated from subsurface 
crack growth rate measurements for cracks (a) A22-L and (b) A22-R. 
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Figure 6.20.  A composite plot of the apparent stress-intensity factor ranges calculated from 
subsurface crack growth rate measurements for crack at rivet holes A23 and A22. 
 
A comparison between ∆Kapparent for cracks A23-R, A23-L, and A24-R, is shown in 
Figure 6.21.  For crack A24-R (which was observed on the right-hand side of rivet hole 
A24 after crack linkup between rivet holes A23 and A22), ∆Kapparent increased more 
rapidly than that for cracks A23-R and A23-L as a function of the crack length.  This 
behavior is attributed to: (i) stress redistribution due to crack linkup between rivet holes 
A23 and A22 and (ii) crack interaction between crack A24-R and the lead crack formed 
by the linkup.  Because of the presence of the lead crack, rivet holes A22 and A23 were 
carrying very little load.   As a result, the neighboring rivet holes, including rivet hole 
A24, transferred additional load and experienced higher stresses.  Load redistribution in 
the presence of a lead crack was discussed in reference [18]. 
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Figure 6.21.  Due to load redistribution and crack interaction, the apparent stress-intensity factor 
range for crack A24-R increased more rapidly with faying-surface crack length. 
 
 
6.5. Calibration of the Rotating-Probe Eddy Current System 
During the fatigue test, the Rotating-Probe Eddy Current system was used to periodically 
inspect rivet holes in the lap joint for subsurface crack presence.  As was discussed in 
section 5.2, the Rotating-Probe system was very effective in detecting subsurface 
damage.  All through-the-thickness cracks in the lap joint had been initially detected by 
eddy-current inspections well before they became visible.   
For the cracks detected at rivet holes A23, A22, and A24, Table 6.4 lists the cycle 
number at which the crack was first detected using three methods: visual inspections, 
eddy current inspections (based on signal exceeding the 15-mV output threshold of the 
system), and fractography through back-tracking marker bands.  Crack detection by 
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eddy-current inspections preceded visual crack detection by as many as 45,680 fatigue 
cycles (crack A23-R).  The comparison also indicates that crack detection by eddy-
current inspections followed that determined from fractography by as many as 30,890 
fatigue cycles (crack A24-R). 
 
Table 6.4. The number of cycles for crack detection using visual and eddy current inspections and 
as determined from fractography. 
Crack Visual  Eddy Current Fractography 
A23-R 80,550 34,870 19,460 
A23-L 88,390 56,740 43,640 
A22-L 89,450 47,550 44,290 
A22-R 96,880 64,825 40,090 
A24-R 106,680 67,570 36,680 
 
 
 
 
The maximum amplitude of eddy-current inspection signal recorded at the location of 
each of the cracks at rivet holes A23, A22, and A24 is plotted as a function of the number 
of cycles in Figure 6.22.  The 15-mV signal threshold is indicated by the horizontal solid 
line.  Symbols in the plot represent actual data points.  Exponential curve fits are also 
shown for each crack.  Although there was some scatter in the data, it can be seen that the 
signal level continued to increase with the number of cycles for all cracks.  The increase 
in the inspection signal was driven by subsurface crack growth.  The results of the 
validation tests of the Rotating-Probe system showed that inspection signal increases as 
the crack length increases [19].  The probe used in the current study can detect cracks up 
to 0.25" (6.35 mm) long [20].   
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Figure 6.22.  Maximum eddy-current signal amplitude as a function of the number of cycles for 
cracks A23-R, A23-L, A22-L, and A22-R. 
 
The inspection signal of the Rotating-Probe system depends on the geometry of the lap 
joint being inspected, including rivet-hole diameter and skin thickness and radius of 
curvature.  The results of eddy-current inspections recorded during the fatigue test were 
correlated with the fractographic crack length measurements to establish a calibration 
curve (signal versus crack length).  First, crack length, a, measured from fractography, 
was expressed as a function of the number of cycles, N, using an exponential curve-fit as 
follows: 
  (6.8) 
)(
1
2Nceca =
where c1 and c2 are curve-fit constants.  An example of the curve fit is shown in Figure 
6.23 for the faying-surface crack length of A23-R.  From such curve fits, crack lengths 
were estimated for all number of cycles for which eddy-current inspection results were 
available.  The maximum amplitudes of eddy-current inspection signals recorded at each 
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crack location (such as shown in Figure 6.22) can be plotted as a function of the crack 
length obtained from the curve fit. 
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Figure 6.23.  Faying-surface crack length measurements (from fractography) and an exponential 
curve fit for crack A23-R. 
 
A plot of the maximum amplitude of eddy-current inspection signals as a function of the 
faying-surface crack length for cracks A23-R, A23-L, A22-L, A22-R, and A24-R is 
shown in Figure 6.24.  The lines in the plot represent linear curve fits of the data points.  
For all cracks, the maximum signal amplitude increased with the increasing crack length.  
The general trend was similar, with the exception of crack A22-R.  For cracks A23-R, 
A23-L, A22-L, and A24-R, the slopes of the linear curve fits for these four cracks were 
quite similar.  The slope of the linear curve fit was much higher for crack A22-R.  It 
should be recalled, however, that, for crack A22-R, fractographic examinations revealed 
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multiple crack growth directions and two distinct fracture surfaces that resulted from the 
subsurface linkup of non-coplanar cracks, Figure 6.11. 
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Figure 6.24.  The maximum amplitudes of eddy-current inspection signals as a function of the 
faying-surface crack length for cracks A23-R, A23-L, A22-L, A22-R, and A24-R. 
 
As mentioned above, the probe used in the current study can detect cracks up to 0.25" 
(6.35 mm) long.  Considering crack lengths smaller than 0.25", differences in the slopes 
of the linear curve fits become smaller, Figure 6.25.  With the exception of crack A22-R, 
the lines of the linear curve fits are nearly parallel. 
As discussed previously, fractographic crack lengths were measured near the faying 
surface, along the centerline, and near the free surface of the skin.  In the discussion 
above, eddy-current inspection signals were correlated with fractographic crack lengths 
measured near the faying surface.  There seems to be a closer agreement in the trends for 
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all five cracks when the maximum amplitudes of eddy-current inspection signals are 
plotted as a function of the crack length measured near the free surface, Figure 6.26.  
Unlike crack growth near the faying surface, where cracks initiated independently at 
multiple locations, crack growth behavior near the free surface was more consistent for 
the various cracks. 
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Figure 6.25.  The maximum amplitudes of eddy-current inspection signals as a function of the 
faying-surface crack length (smaller than 0.25" (6.35 mm)) for cracks A23-R, A23-L, A22-L, 
A22-R, and A24-R. 
 
From the results in Figure 6.24, Figure 6.25, and Figure 6.26, the general trend is that the 
amplitude of eddy-current signal increases linearly as function of the subsurface crack 
length.  The results exhibit a reasonable scatter; nevertheless, the slopes of the linear 
curve fits are parallel, especially for crack lengths smaller than 0.25" (6.35 mm).  It 
appears that the Rotating-Probe system is sensitive to the morphology of the fracture 
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surface.  Crack A22-R, which had a highly rugged fracture surface, indicated inspection 
signals higher than the other cracks in the upper rivet row of the lap joint.  In addition, 
there is less scatter in the results and a closer agreement in the slopes when eddy-current 
signals are correlated with the crack lengths measured near the free surface, where the 
fracture surface was relatively less rugged.  The results of this calibration are in general 
agreement with the findings of Piotrowski and Bode [21] who conducted similar work on 
second-layer fatigue cracks in the lap joint of a retired Boeing 727 airplane. 
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Figure 6.26.  The maximum amplitudes of eddy-current inspection signals as a function of the 
free-surface crack length for cracks A23-R, A23-L, A22-L, A22-R, and A24-R. 
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6.6. Conclusions 
In this chapter, the results of crack growth reconstruction from fractographic 
examinations were discussed.  Some of the key findings include: 
• Fractographic examinations revealed regions of plastic deformation at the corners 
of the rivet holes and multiple sites of fretting damage along the faying surface of 
the skin.  Cracks initiated at some of these sites of fretting damage. 
• Marker bands were, in general, easily recognized.  However, the required level of 
magnification and the clarity of marker band appearances varied, depending on 
crack lengths and crack growth rates. 
• SEM images of a well-defined marker-band group indicated negligible subsurface 
crack growth during underload cycles.  Subsurface crack propagation during the 
ten full-load cycles was larger than that during 100 underload cycles.  
• Marker-band plots showed that subsurface cracks at rivet holes A23 and A22 
initiated at the faying surface and reached the outer surface of the skin without 
propagating near the countersink of the rivet holes.  This crack growth behavior 
resulted from crack initiation at multiple sites along the faying surface, varying 
stress field across the thickness due to local bending, and residual stresses around 
the rivet hole resulting from rivet clamp-up force. 
• Crack front shapes were part-elliptical with crack lengths measured near the 
faying surface being longer than those measured near the free surface of the skin.  
As the cracks propagated, differences in crack lengths across the thickness 
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became less significant due, in part, to local decrease in the bending stresses as a 
result of reduction in the bending stiffness. 
• Crack lengths and crack growth rates were measured from marker-band plots.  In 
general, crack growth rates for the cracks emanating from rivet holes A23 and 
A22 were highly similar.  All crack growth rates were higher than 10-6 inch/cycle 
(2.5×10-4 mm/cycle).  Crack growth rates increased, almost linearly, as the cracks 
grew longer. 
• A crack growth model was used to estimate the apparent stress-intensity factor 
range (∆Kapparent) at the crack front from fractographic measurements of the crack 
growth rates.  Calculations showed very similar results for the cracks at rivet 
holes A23 and A22.  For crack length range of 0.02" to 0.6" (0.5 to15.2 mm), 
values of ∆Kapparent ranged from about 6 to 19 ksi.inch1/2 (6.6 to 20.9 MPa.m1/2).  
For crack A24-R, ∆Kapparent increased more rapidly with crack length due rapid 
crack growth resulting from to stress redistribution and crack interaction with the 
lead crack formed by crack linkup between rivet holes A23 and A22. 
• Correlations were made between the maximum amplitudes of eddy-current 
inspection signals and the subsurface crack lengths.  Results showed that signal 
levels increased linearly with the increase in crack length.   There was a 
reasonable scatter in the results but the slopes of the linear curve fits were 
parallel, especially for crack lengths smaller than 0.25" (6.35 mm).  More 
consistency was obtained when the maximum signal amplitudes were correlated 
with crack lengths measured near the free surface of the skin. 
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CHAPTER 7:  ANALYTICAL SIMULATIONS 
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7.1. Introduction 
Analytical simulations were conducted to predict the strain response of the fuselage panel 
to the applied loading conditions and to determine the driving force for crack growth in 
the lap joint.  A finite element (FE) model of the fuselage panel was developed for this 
purpose.  Four-node general-purpose shell elements were used to model the skin and 
substructure of the panel; eight-node thick shell elements were used to model the region 
in the lap joint where crack growth analyses were conducted.  Rivets were modeled as 
three-dimensional two-node linear beam elements with circular cross-sections.  The FE 
model was validated to ensure that it closely simulates the structural behavior of the 
fuselage panel.  Geometrically-nonlinear static analyses were conducted to predict strains 
in the panel; analysis predictions were compared with the strain gage measurements 
recorded during the strain survey test. 
 
 186
The validated FE model was used to conduct cycle-by-cycle simulations of the fatigue 
crack growth in the upper rivet row of the lap joint of the fuselage panel.  Stress-intensity 
factors (SIF) at the crack tips were calculated from the results of the FE analysis using the 
modified crack closure integral (MCCI) method [1].  The NASGRO equation [2] was 
selected as the crack growth model to calculate crack growth rates.  Results of the fatigue 
crack analysis were correlated with the experimental measurements of crack lengths to 
evaluate the analysis procedures. 
 
7.2. Static Analysis and Strain Distribution 
Finite element analyses were conducted to predict strain distribution in the panel under 
the quasi-static loading conditions of the strain survey test.  The FE mesh was 
constructed using MSC PATRAN software [3]; and the solver used was 
ABAQUS/Standard FE analysis software [4].  Loads and boundary conditions were 
applied to simulate the loading conditions generated by the FASTER test fixture.  To 
validate the model, the results of the static analysis were correlated with the strain gage 
measurements recorded during the strain survey test.  
 
7.2.1. The Finite Element Model 
Details of the FE model of the panel structure are shown in Figure 7.1.  The model 
consisted of over 60,000 elements and over 100,000 nodes.  Four-node reduced-
integration shell elements with six degrees of freedom per node (ABAQUS element S4R) 
were used to model the skin, finger doublers, shear clips, frames, stringers, intercostals, 
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and edge doublers.  Eight-node reduced-integration thick shell elements with six degrees 
of freedom per node (ABAQUS element S8R) were used in the area of the lap joint 
where cracks were modeled for fatigue crack growth analysis. 
Overall, a coarse mesh was used for the skin and substructure with a typical element size 
of about 1.0" (25.4 mm).  However, the mesh was refined at the strain gage locations to 
match the grid dimensions of the gages, typically 0.125" (3.175 mm).  Convergence 
studies were conducted to determine the appropriate element size for fatigue crack 
growth analysis.  The mesh in the crack area of the lap joint was refined accordingly; 
elements as small as 0.05" (1.27 mm) were used at the crack tip. 
Rivets in the fuselage panel were modeled as three-dimensional two-node linear beam 
elements with a circular cross-section and six degrees of freedom per node (ABAQUS 
element B31).  This type of beam elements is based on Timoshenko beam theory, which 
allows for tension, bending, torsion, and transverse shear deformations to be modeled.  
The shear stiffness of the beam elements, kshear, was calculated from the following semi-
empirical equation developed by Swift [5]: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++
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21
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t
d
t
d
Edkshear   (7.1) 
where E is the modulus of elasticity of the sheet material (aluminum),  d is the rivet 
diameter, and t1 and t2 are the thickness of the skin and substructure (doubler, shear clip, 
frame, or stringer), respectively. 
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Figure 7.1. Details of the FE model of the fuselage panel. 
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Grounded springs were connected to each frame end to simulate the effect of the radial 
reaction links of the FASTER test fixture by restricting displacement in the radial 
direction.  The stiffness of the grounded springs representing the radial reaction links, 
kLink, was calculated from the material properties and dimensions of the link as follows: 
 ( )( )( ) lb/in 000,750,3
0.4
0.15.01030 6 =×==
L
tWEk LLink  (7.2) 
where EL is the modulus of elasticity of the link material (typical properties for stainless 
steel), and t, W, and L are the thickness, width and gage length of the link, respectively. 
 
7.2.2. Loads and Boundary Conditions  
The FE model of the fuselage panel was used to conduct geometrically-nonlinear static 
analysis to predict strain distribution under load condition C of the strain survey test, 
which simulates a fuselage cabin pressurization condition and includes the internal 
pressure and the hoop, frame, and longitudinal loads, Table 3.4, section 3.6.1.  Strain 
distributions in the panel were predicted at ten equal load increments up to the maximum 
loads.  To validate the model and boundary conditions, the results of the FE analysis were 
correlated with the strain gage measurements recorded during the test. 
The loads and the displacement boundary conditions applied to the model were selected 
to simulate the loading and displacement conditions generated by the FASTER test 
fixture, Figure 7.2.  Pressure was applied to the internal surfaces of the elements 
modeling the skin and finger doublers.  The hoop load was applied as nodal point forces 
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at 28 application points along each edge of the skin, and the longitudinal load was applied 
at 16 points on each end.  Nodal point forces were also applied at each frame end to 
simulate the frame loads.  The values of the nodal point forces simulating the hoop, 
frame, and longitudinal loads are listed in Table 7.1.  Additionally, in order to prevent 
rigid body motion, longitudinal translation was fixed at one skin node at the middle of 
each edge, and hoop translation fixed at one skin node at the middle of each end, as 
shown in Figure 7.2. 
 
 
Table 7.1. The nodal point forces applied to the FE model. 
Load Hoop Long Frame 
Nodal force, lb 3514.40 1848.00 3311.62 
 
 
 
7.3. Fatigue Crack Growth Analyses 
Cycle-by-cycle fatigue crack growth analysis was conducted to simulate the post-linkup 
crack growth behavior in the lap joint of the fuselage panel.  As discussed in chapter 5, 
the first crack linkup occurred after 106,217 fatigue cycles between rivet holes A22 and 
A23 located in the upper rivet row of the lap joint.  A lead crack with a total length of 
2.87" (72.9 mm) was formed as a result of that first linkup.  The lead crack propagated at 
a much faster rate compared to the individual pre-linkup MSD cracks.  By the end of the 
fatigue test, at 107,458 cycles, the lead crack was extending across 12 rivet holes in two 
skin bays with a final length of 16.04" (406.4 mm), Figure 7.3. 
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Figure 7.2.  Loads and boundary conditions for the geometrically-nonlinear analyses. 
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Figure 7.3.  Damage progression in the upper rivet row of the lap joint following the first crack 
linkup between two rivet holes. 
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The algorithm that was followed in the cycle-by-cycle crack growth analyses is outlined 
in Figure 7.4.  The lap joint area of the FE model of the panel where cracks had 
developed and linked up was refined for more precise characterization of the stress field.  
Mesh refinement also allowed a close representation of the cracking configurations.  The 
lead crack was modeled by separating the elements and duplicating the nodes along the 
crack path, an automated process in PATRAN [3].  The beam elements representing the 
rivets along the crack path were connected to the skin on one side of the crack.  
Subsurface MSD cracks, which were detected by eddy current inspections, were not 
included in the model. 
Finite element analyses were conducted at both the minimum and maximum load levels 
to calculate the corresponding SIFs (Kmax and Kmin).  A crack growth model was then used 
to obtain the crack growth rates, da/dN, for the calculated SIF ranges, ∆K.  Cracks were 
propagated and the FE mesh updated using the following equation to calculate crack 
extension during a single load cycle: 
  (7.3) ( )iii aaa ∆+=+1
with: 
 ( ) i
i
i NdN
daa ∆⎟⎠
⎞⎜⎝
⎛=∆  (7.4) 
The modified crack closure integral (MCCI) method was used to calculate the mixed-
mode SIFs from the local displacement and nodal forces at the crack tips.  The Forman-
Newman-de Koning crack growth model, better known as the NASGRO equation, was 
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selected to describe the da/dN vs. ∆K behavior for the 2024-T3 Al clad sheet material.  
The MCCI method and the NASGRO equation are discussed in detail in the next two 
sections. 
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Figure 7.4.  The fatigue crack growth algorithm used in the cycle-by-cycle analysis. 
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7.3.1. The Modified Crack Closure Integral Method 
The MCCI method is based on the Irwin’s crack closure integral (CCI) approach [1, 6], 
which states that the strain energy released during the extension of a crack of length a to 
a length of a+∆a is equivalent to the work required to close the crack back to its original 
length.  The energy release rate, G, during a crack extension of ∆a can be related to the 
work, W, required to close the crack by:   
 
at
WG
a ∆= →∆ 0lim   (7.5) 
where t is the sheet thickness.   
The MCCI has been used by several researchers to determine the energy release rate and 
SIFs at the crack tip [e.g. 7, 8, 14].  The derivation of the MCCI equations is similar to 
that of the nodal release method, in which the FE nodal forces and nodal displacements 
are used to compute the energy release rate associated with a crack extension of ∆a [9].  
In the nodal release method, two FE analyses are needed: one analysis with crack length 
a to compute the nodal forces at the crack tip (node A in mesh-1 in Figure 7.5), and a 
second analysis with crack length a+ ∆a to compute the displacements behind the crack 
tip (nodes E and F in mesh-2 in Figure 7.5).  The MCCI method differs from the nodal 
release method in that the nodal displacements that would happen at nodes E and F in 
mesh-2 of Figure 7.5 are approximated with the nodal displacements at nodes B and C in 
mesh-1.  Thus, the MCCI method requires a single analysis with crack length a to 
compute the energy release rate from a crack extension of ∆a.  This requires the use of 
elements of equal size (∆a) around the crack tip. 
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Derivation of the Irwin’s CCI for a cracked plate was presented by Potyondy [1].  The 
components of the rate of work required to close the crack are given by: 
 ( )[ ] 6,,1, 
2
1 L=−∆= iuuFatW
bot
i
top
i
Close
ii        (7.6) 
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Figure 7.5. Two analyses are required in the nodal release method to compute the energy release 
rate associated with crack extension. 
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where t is the thickness of the skin sheet, ui are the nodal translations (i = 1, 2, 3) and 
rotations (i = 4, 5, 6) at the crack tip, and Fi are the nodal forces (i = 1, 2, 3) and moments 
(i = 4, 5, 6) corresponding to ui. 
The final relationships between work components and the five terms of energy release 
rate are as follows: 
  (7.7) 
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Four mixed-mode SIF components are obtained from the MCCI approach: (i) the in-plane 
tensile mode (KI), (ii) the in-plane shear mode (KII), (iii) the symmetric bending mode 
(k1), and (iv) the out-of-plane shear and twist mode (k2), as shown schematically in Figure 
7.6.  The SIFs are calculated from the following equations: 
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where E = 10,500 ksi (72.4 GPa) and ν = 0.3 are the Young’s modulus and Poison’s ratio 
of the skin material (2024-T3 aluminum). 
 
KI KII
k1 k2
 
Figure 7.6. Four components of SIF are obtained from the MCCI approach. 
 
The total energy release rate during crack extension can be obtained by summing up the 
energy release rates associated with each of the four contributing modes.  An equivalent 
SIF, Keq, characterizing the mixed-mode, is defined by its relation to the total energy 
release rate, Gtot, as: 
  (7.12) ∑=
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From equations 7.7 – 7.13 above, the equivalent mixed-mode SIF, Keq, is given by: 
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Crack growth rates were calculated using the equivalent mixed-mode SIF, Keq. 
 
7.3.2. The NASGRO Equation 
The NASGRO equation was selected as the crack growth model to calculate crack 
growth rates.  Also known as the modified Forman equation, the NASGRO equation can 
be used to account for crack closure and the effect of the test environment on crack 
growth [2]: 
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where N is the number of fatigue cycles, R is the stress ratio, ∆K = Kmax - Kmin, C, n, p, 
and q are empirical constants, ∆Kth is the threshold SIF range, and KC is the plane-stress 
fracture toughness of the material.  The crack opening function, f, introduced by Newman 
to account for plasticity-induced crack closure [10], is given by: 
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where the coefficients A0  to A3 are given by: 
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The parameter α is the plane stress/plane strain constraint factor (ranges from 1.0, for 
plane stress condition, to 3.0, for plane strain condition), Smax is the maximum applied 
stress, and σ0 is the flow stress (the average of the ultimate and yield stresses). 
The parameters of the NASGRO equation for different materials, crack orientations, and 
crack growth environments are available in the literature [2, 11, 12].  Since the fuselage 
panel in the current study was pressurized using water (section 3.6), values of the 
NASGRO equation parameters simulating crack growth in a distilled-water environment 
were selected, as listed in Table 7.2. 
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Table 7.2.  The NASGRO equation parameters for 2024-T3 aluminum in a distilled-water test 
environment. 
C n p q α Smax/σ0 KIC (ksi√in) 
KC 
(ksi√in) 
KCrit 
(ksi√in) 
8.92×10-9 3.282 0.50 1.0 1.5 0.3 29.0 58.0 58.14 
 
 
 
The results of the FE analysis and fatigue crack growth analysis are discussed in detail in 
the following sections. 
 
7.4. Validation of the Finite Element Model 
The FE model of the fuselage panel was validated by comparing the results of the 
analysis with the strain gage measurements recorded during the strain survey test.  
Representative results of the comparison are discussed in this section. Appendix A of this 
dissertation includes plots comparing analysis predictions with the experimental 
measurements at all strain gage locations in the panel.   
Figure 7.7 shows a comparison between the experimental and analytical results for the 
hoop and longitudinal strain components at strain gage locations SG31, SG34, and SG35.  
All three gages were located at the skin mid bays, midway between two frames and 
midway between two stringers.  SG31 and SG35 were installed on the outer surface of 
the skin while SG34 was installed on the inner surface.  The experimental results in 
Figure 7.7 were recorded during four test runs, including two runs in which water was 
used to pressurize the fuselage panel and two in which air was used, as discussed in 
chapter 4.  As seen in the plots, there was a very good agreement between the analysis 
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predictions and strain gage measurements for both the hoop and the longitudinal 
components of strain.  
Similar results were obtained for the hoop and longitudinal components of strain at all 
other skin mid-bay locations.  Comparisons between the analysis predictions and strain 
gage measurements for the mid-bay strain gages are summarized in Figure 7.8.  The bar 
chart shows the predicted and measured strain values at the maximum internal pressure of 
16 psi.  As the figure shows, FE analysis predictions were within 10% of the strain gage 
measurements for the skin mid-bay locations. 
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Figure 7.7.  Analysis predictions and strain gage measurements at three skin mid-bay locations 
showing very good agreement. 
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Figure 7.8.  A summary of the comparison between analysis predictions and strain gage 
measurements of the hoop and longitudinal strain at the skin mid-bay locations. 
 
The lap joint area at the center of the panel was instrumented with several strain gages to 
monitor strain distribution.  At three locations in the lap joint, strain gages were installed 
on both the outer and inner surfaces of the skin to measure the membrane and bending 
strains.  Assuming the bending strain varies linearly across the thickness of the skin, the 
distribution of strain in a combined bending and tensile stress field is illustrated 
schematically in Figure 7.9. 
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Figure 7.9.  Strain distribution across the thickness of the skin in a combined tensile and bending 
stress field. 
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The membrane and bending strains are, thus, obtained from the following equations: 
 
2
io
m
εεε +=  (8.21) 
 
2
io
b
εεε −=   (8.22) 
where mε is the membrane strain, bε  is the bending strain, oε  is the strain measurement 
on the outer surface of the skin, and iε  is the measurement on the inner surface. 
In the lap joint region, finite element analysis predictions correlated very well with the 
strain gage measurements for the membrane strain but consistently underestimated 
bending strains.  Representative results for strain gages SG38 (located 0.5" (12.7 mm) 
above rivet row ‘A’) and SG39 (located along the centerline of row ‘A’ midway between 
two rivet holes) are shown in Figure 7.10.  As can be seen, the FE predictions of the 
membrane strains were within 6% of the experimental results.   For the bending strain, on 
the other hand, the analysis predictions underestimated experimental measurements by 
42% and 54% at SG38 and SG39, respectively. 
Comparisons between analysis predictions and strain gage measurements in the lap joint 
area are summarized in Figure 7.11.  The bar chart shows the predicted and measured 
strain values at the maximum applied pressure of 16 psi.  In general, the analysis 
predictions tend to overestimate hoop strain on the outer surface of the skin while 
underestimating it on the inner surface. 
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Figure 7.10.  In the lap joint area, analysis predictions closely matched strain gage measurements 
of the membrane strains but consistently underestimated the bending strains. 
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Figure 7.11.  Analysis predictions in the lap joint area, generally, overestimated hoop strain on 
the outer surface of the skin while underestimating it on the inner surface.  
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On the frames, the analysis predictions were in a very good agreement with the strain 
gage measurements recorded at the outer frame cap locations within the test section of the 
panel (the four middle frames).  In contrast, the analysis consistently overestimated hoop 
strains at the inner frame caps.  Representative results from the outer and inner frame cap 
locations are shown in Figure 7.12 for strain gages SG17 (located at the outer cap on 
frame F2) and SG8 (located at the inner cap on frame F4).  As the plots show, analysis 
predictions for the outer cap location (SG17) closely matched the experimental 
measurements.  At the inner cap location (SG8), analysis predictions were higher than the 
strain gage measurements.  It should be noticed that measurements recorded at the strain 
gages located at the frame inner caps exhibited wide scatter between the various test runs, 
section 4.4.  Unlike the outer frame caps which are bolted to the stringers, the inner frame 
caps experience a complex displacement field that may include lateral deflections.  A 
more detailed FE model may be required to accurately simulate the strain and 
deformation fields at the inner frame caps.  
Although the FE analysis underestimated bending strains in the lap joint area, the overall 
agreement of the predictions with the strain gage measurements validated the FE model 
and the boundary conditions.  In the skin outside the lap joint area and far from the 
stiffeners, the model closely simulated the structural response of the fuselage panel to the 
applied loads.  Certainly, a more detailed FE model, probably a three-dimensional one, 
will be required to accurately predict early fatigue crack growth behavior in the lap joint.  
For post-linkup growth of the lead crack, the current model should provide reasonable 
first estimates of the load transfer characteristics of the lap joint and of the driving force 
for crack growth, as discussed in the following sections. 
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Figure 7.12.  Very good agreement was obtained between the analysis predictions and strain gage 
measurements for the outer frame cap locations (SG17) while the analysis consistently 
overestimated hoop strains at the inner frame caps (SG8). 
 
 
7.5. Stress Intensity Factors  
Results of the FE analysis have indicated significant out-of-plane skin deformation at the 
crack, Figure 7.13.  As a result, crack growth in the lap joint was under mixed-mode, 
where SIFs from four different modes, namely: the in-plane tension (KI), in-plane shear 
(KII), symmetric bending (k1), and out-of-plane shear and twist (k2), all contributed to the 
crack driving force, as discussed in section 7.3 above.  
Plots of the SIF ranges at the two tips of the lead crack as a function of the crack length 
are shown in Figure 7.14.  Mode-I SIF range, ∆KI, was found to be dominant at both 
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crack tips and only slightly lower than ∆Keq.  Stress-intensity factor ranges of the other 
three modes were much less significant than ∆KI and showed relatively less increase with 
the crack length.   The results in Figure 7.14 also indicate that ∆KI and ∆Keq were 
increasing relatively faster at the left tip than at the right tip of the lead crack. 
 
3-D view
Top view
 
Figure 7.13.  A top view and a 3-dimenional view of the FE model showing skin deformation at 
the crack (magnitude of displacement magnified for clarity). 
 
The difference in the SIFs between the left and the right tips of the lead crack is more 
clearly demonstrated in Figure 7.15.  The plot shows the maximum Mode-I SIF, KI max, at 
the left and right crack tips as a function of the crack length.  At a crack length of about 
4.0" (101.6 mm), KI max was about 15% higher at the left tip than at the right tip of the 
lead crack.  The higher SIF at the left tip resulted from the relatively higher stress field at 
the skin mid bay.  The lead crack was propagating toward frame F3 to the right, as shown 
in Figure 7.3.  Strain survey results indicated that the hoop strain in the skin was reduced 
by about 50% at the frame locations due to higher stiffness, section 4.4.  Frames act as 
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crack stoppers by absorbing some of the strain energy released during crack extension 
[13].  
 
 
∆KI ∆k1                ∆Keq
∆KII ∆k2
Max Pressure: 16.0 psi
Hoop Load: 98.4 kips
Long. Load: 29.6 kips
Frame Load: 19.9 kips
Crack Length, a (in)
1.02.03.04.0
∆K
 (k
si.
in
1/
2 )
-20
0
20
40
60
80
Crack Length, a (in)
1.0 2.0 3.0 4.0
∆ K
 (k
si
.in
1/
2 )
-20
0
20
40
60
80
Left crack tip Right crack tip
∆K
 (k
si
.in
1/
2 )
∆ K
 (k
si
.in
1/
2 )
∆K
 (k
si
.in
1/
2 )
∆ K
 (k
si
.in
1/
2 )
 
Figure 7.14.  Plots of the SIF ranges at the left and right tips of the lead crack showing dominance 
of ∆KI. 
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Figure 7.15.  Mode-I SIF was higher at the left crack tip as a result of the difference in the stress 
field. 
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A comparison of the values of KI max obtained in the current study with the results of a 
previous curved panel study conducted at the FAA’s FASTER facility is shown in Figure 
7.16.  Panels containing either longitudinal lap joints or circumferential butt joints were 
tested in the previous FAA study.  The panels containing longitudinal lap joints were 
similar in configuration to the current fuselage panel.  Two cracking scenarios were 
tested: (i) a lead crack only and (ii) a lead crack with small multiple cracks ahead of it 
[14].  Stress-intensity factors in Figure 7.16 are normalized with respect to the maximum 
applied internal pressure.  The results show a linear increase in KI max as a function of the 
crack length, especially for the panel that contained only a lead crack.  In the case of a 
lead crack and small multiple cracks ahead of it, the results showed local increases in KI 
max resulting from crack interaction when the lead crack approaches a MSD crack.   As 
the figure shows, the results of the current analysis closely followed the trend obtained in 
the previous curved panel studies. 
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Figure 7.16.  Mode-I SIF ranges calculated in the current study correlated very well with the 
results of a previous curved panel test program [14]. 
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7.6. Crack Growth Predictions 
Analysis predictions of fatigue crack growth were correlated with the experimental crack 
length measurements. During the fatigue test, the panel was subjected to a constant-
amplitude loading spectrum, including groups of 100 underload cycles at 75% of the 
maximum load in a 6-4-10 pattern, as discussed in section 3.6. The purpose of applying 
these underload cycles was to mark the fracture surfaces for post-test fractographic 
examinations. Only full-load (16-psi) cycles were considered in the correlation between 
experimental measurements and analytical predictions. It was shown by Fawaz [15], who 
applied a similar 6-4-10 marker band loading spectrum to 2024-T3 aluminum lap joints, 
that fatigue crack growth during the underload cycles is much slower than that during 
full-load cycles. Adopting the concept of plasticity-induced crack closure, Fawaz has 
demonstrated that “the crack growth increment during a batch of 100 marker load 
(underload) cycles should be approximately equal to the crack extension during a batch 
of 10 baseline (full-load) cycles” [15]. 
A comparison between the analysis predictions of the post-linkup crack growth in the lap 
joint and the experimental measurements is shown in Figure 7.17.  At the left tip of the 
lead crack, which was propagating toward the skin mid bay, analysis predictions were in 
a reasonable agreement with the experimental measurements.  The analysis overpredicted 
the number of cycles to unstable crack growth by less than 50 cycles (about 3.7%).  Less 
agreement was obtained for the right tip of the lead crack, where the predicted crack 
growth was much slower than the experimental measurements. 
 
 
 212
Number of Cycles
106500107000107500108000
C
ra
ck
 L
en
gt
h,
 a
 (i
n)
0
2
4
6
8
10
12
Number of Cycles
106500 107000 107500 108000
C
ra
ck
 L
en
gt
h,
 a
 (i
n)
0
2
4
6
8
10
12
Experimental data
Analysis predictions
Max Pressure: 16.0 psi
Hoop Load: 98.4 kips
Long. Load: 29.6 kips
Frame Load: 19.9 kips
Left crack tip Right crack tip
C
ra
ck
 L
en
gt
h,
 a
 (i
n)
C
ra
ck
 L
en
gt
h,
 a
 (i
n)
C
ra
ck
 L
en
gt
h,
 a
 (i
n)
C
ra
ck
 L
en
gt
h,
 a
 (i
n)
 
Figure 7.17.  Analytical predictions of crack growth were in a reasonable agreement with the 
experimental measurements near the mid bay (left tip); near the frame, less agreement was 
obtained (right tip). 
 
 
The lead crack was propagating closer to frame F3 to the right, Figure 7.3.  The deviation 
of fatigue crack growth predictions near the frame can be attributed to the simplified FE 
representation of the connections between the skin and substructure.  As discussed in 
section 7.2 above, beam elements were used to represent the rivets in the FE model, 
including those attaching the shear clips and frames to the skin.  The use of beam 
elements to model the rivets simplifies the model; however, it does not provide an 
accurate simulation of the load transfer between the skin and substructure [15, 16].   
It was shown in section 7.4 above that the use of water to pressurize the panel, instead of 
air, did not alter the strain results.  However, water was expected to have an effect on 
fatigue crack growth.  The effect of the test environment on fatigue crack growth 
behavior is more significant when the loading frequency is low [17].  In the current study, 
the loading frequency during the fatigue test was about 0.04 Hz.  In order to evaluate the 
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effect of the pressure medium on fatigue crack growth in the lap joint of the fuselage 
panel, crack growth rates were calculated assuming a lab-air test environment with the 
NASGRO equation parameters listed in Table 7.3.  Analysis predictions for lab-air 
environment are plotted in Figure 7.18 along with the predictions for distilled-water 
environment and the experimental measurements.  Results showed that the number of 
cycles from the first linkup until final failure in lab-air environment was about 66% 
higher than that in distilled-water environment. This result, however, only indicates a 
general trend. Additional experimental data are needed in order to quantify the effect of 
the test environment on fatigue crack growth behavior in the lap joint of the fuselage 
panel.  
 
Table 7.3. The NASGRO equation parameters for 2024-T3 aluminum in a lab-air test 
environment. 
C n p q α Smax/σ0 KIC (ksi√in) 
KC 
(ksi√in) 
KCrit 
(ksi√in) 
1.3×10-8 3.000 0.25 1.0 2.0 0.3 27.0 58.0 67.76 
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Figure 7.18.  Assuming a lab-air environment, analysis predictions showed an increase of about 
66% in the number of cycles to unstable crack growth. 
 
 
 
 
7.7. Conclusions  
In this chapter, the procedures and results of the analytical simulations were discussed.  
Some of the major conclusions are as follows: 
• Overall, a good agreement was obtained between strain predictions from the FE 
analysis and the strain gage measurements, validating the FE model. 
• Crack growth in the lap joint was under mixed mode; however, Mode-I SIF, KI, 
was found to be dominant at the tips of the lead crack.   
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• The predicted crack growth behavior was in a good agreement with the 
experimental measurements in the mid bay area.  Near the frame, the predicted 
crack growth was slower than the experimental measurements due to the 
simplified FE representation of the connections between the skin and 
substructure. 
• The results of fatigue crack growth analysis indicated an increase of about 66% in 
the number of cycles from the first linkup until final failure when a lab-air crack 
growth environment was assumed instead of a distilled-water environment.  
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8.1. Overview 
In the years since Aloha accident, extensive research was carried out to address the 
various aspects of structural degradation in aging aircraft. Because of the prohibitively 
high costs of full-scale testing, studies investigating widespread fatigue damage (WFD) 
and multiple-site damage (MSD) in fuselage structure were conducted, mostly, on 
specimens that did not fully represent the structural complexities of a fuselage. A 
considerable amount of research focused on predicting fatigue crack growth behavior in 
fuselage lap joints and on the effects of MSD on the structural integrity of the fuselage. 
However, focus on the initiation and early growth of MSD in actual fuselage lap joints 
under realistic loading conditions remained largely lacking.  
The results of the current study provide a detailed characterization of MSD initiation and 
early growth in the riveted lap joint of a fuselage panel. The study was conducted on a 
pristine curved stiffened panel representative of all the structural details of a narrow-body 
fuselage. Crack initiation, growth, and linkup in the pristine panel were studied using 
nondestructive inspections, visual inspections, fractographic examinations, and analytical 
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simulations. The data generated in the study can be used for the evaluation and validation 
of analysis methodologies for predicting MSD initiation and growth.  
In this chapter, the major findings of the study are summarized. A brief outline of the 
procedures followed in the study is given in section 8.2. Key results are summarized, 
including strain distribution in the fuselage panel (section 8.3), the characteristics of 
crack formation and growth in the lap joint (section 8.4), and crack linkup and the 
subsequent crack growth (section 8.5). Recommendations for future research based on 
the findings of the study are given in section 8.6.  
 
8.2. Summary of Procedures 
The fuselage panel in the current study has been tested at the Full-Scale Aircraft 
Structural Test Evaluation and Research (FASTER) facility located at the Federal 
Aviation Administration (FAA) William J. Hughes Technical Center.  A strain survey 
test was conducted to ensure proper load introduction.  The panel was then subjected to a 
fatigue test with constant-amplitude cyclic loading.  The applied loading spectrum 
included underload marker cycles so that crack growth history could be reconstructed 
from post-test fractographic examinations.  Crack formation and growth were monitored 
using the Self-Nulling Rotating Probe Eddy-Current system for detecting subsurface 
cracks and the Remote-Controlled Crack Monitoring system for through-the-thickness 
cracks.  After completing the fatigue test, a residual strength test was conducted by 
subjecting the panel to quasi-static loads up to final failure.  Post-test fractographic 
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examinations of the fracture surfaces in the lap joint of the fuselage panel were conducted 
to reconstruct subsurface crack growth. 
A finite element model of the panel was developed and geometrically-nonlinear analyses 
conducted to study strain distribution under the applied loads.  The model was validated 
by comparing the analysis results with the strain gage measurements recorded during the 
strain survey test.  The validated finite element model was then used to determine stress-
intensity factors at the crack tips.  Cycle-by-cycle fatigue crack growth analysis was 
conducted using the NASGRO equation as the crack growth model.  The analysis 
accounted for crack closure and for the effect of the test environment on crack growth 
behavior. 
 
8.3. Strain Distribution in the Fuselage Panel 
The results of the pre-fatigue strain survey test verified proper load introduction into the 
fuselage panel by the FASTER fixture.  Strain gage measurements recorded during the 
strain survey test were in good agreement with the results of an independent verification 
test which was conducted by pressurizing an aft section of a narrow-body fuselage.  The 
agreement of the results verified that the loads applied by the FASTER test fixture 
simulate a fuselage pressurization condition.  
A very important result of the strain survey test was that local bending occurred at the lap 
joint due to eccentricity and skin pillowing (higher radial deformation at the mid-bay than 
at the stiffener location).  Strain gages placed on the inner and outer surfaces of the skin 
at several locations across the joint showed that the highest amount of bending was 
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recorded along the centerline of the upper rivet row of the lap joint (row ‘A’).  Ratios of 
bending to membrane strains as high as -1.24 were recorded along that upper rivet row.  
The negative sign here indicates that the inner surface of the skin along rivet row ‘A’ (the 
faying surface) experiences higher tensile stress than the outer surface.  Crack initiation 
and crack growth in the lap joint was significantly affected by bending stresses. 
Strain survey results also indicated variations in the hoop strain across the skin bay.  
Strain gage measurements recorded across half a skin bay showed that the hoop strain 
was highest at the mid-bay location.  At the frame locations, hoop strain was about 50% 
lower than that of the mid bay due to the higher local stiffness.  This variation in the hoop 
stress distribution resulted in differences in the crack growth behavior based on the crack 
location relative to the frame. 
 
8.4. Characteristics of Crack Formation and Growth 
As a result of high local bending, cracks developed on the faying surface of the lap joint 
along rivet row ‘A’. Crack formation was initially detected by nondestructive inspections 
conducted using the Rotating-Probe Eddy Current system. Eddy-current indications of 
damage presence at rivet holes in rivet row ‘A’ were recorded as early as 12,600 fatigue 
cycles. Subsequently, the number of rivet holes in row ‘A’ with crack indications 
increased. At the end of the fatigue test, at 107,458 load cycles, the percentage of the 
rivet holes in row ‘A’ with eddy-current damage indications was 48%, compared to 9% 
and 6% of the rivet holes in rows ‘B’ and ‘C’, respectively. About 96% of the high eddy-
current indications in rivet row ‘A’ were located in the upper half of the rivet hole.  This 
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result shows that, due to high local bending and rivet clamp-up forces, the upper half of 
the hole was the most likely location for crack initiation. 
Through-the-thickness cracks were visually observed at rivet holes in rivet row ‘A’ and at 
the nearby shear-clip rivet holes.  Due to variations in the hoop stress across the skin bay 
(as indicated by strain survey results), cracks in rivet row ‘A’ propagated much faster 
than the cracks at the shear-clip rivet holes.  Cracks were observed visually at rivet holes 
A23 and A22 in rivet row ‘A’ beginning at 80,550 cycles following detection by eddy-
current inspections at 34,870 cycles.  Initially, these cracks were observed at a distance 
away from the rivet hole.  Post-test fractographic examinations revealed that these cracks 
initiated much earlier, before they were visually observed on the outer surface or detected 
by eddy-current inspections.  Cracks initiated at the faying surface and reached the outer 
surface of the skin without propagating near the countersink of the rivet holes.  This crack 
growth behavior resulted from crack initiation at multiple locations along the faying 
surface, varying stress field across the thickness due to local bending, and residual 
stresses around the rivet hole resulting from rivet clamp-up force. 
Fractographic examinations also showed that crack-front shapes were part-elliptical as a 
result of local bending.  Crack lengths measured near the faying surface were longer than 
those measured near the free surface of the skin.  With crack growth, however, variations 
in crack lengths across the thickness became less significant as the effect of local bending 
decreased.  Measurements of the subsurface crack lengths and crack growth rates showed 
similar behavior among the different cracks that emanated from the rivet holes.  Crack 
growth rates increased, almost linearly, as the cracks grew longer.  In addition, there was 
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a good correlation between crack length and crack growth rates measured from marker-
band plots and the visual measurements recorded during the test. 
Fractographic measurements of crack growth rates were used with a crack growth model 
(NASGRO equation) to back-calculate the apparent stress-intensity factor range 
(∆Kapparent) at the crack front.  For a crack length range of 0.02" to 0.6" (0.5 to15.2 mm), 
values of ∆Kapparent ranged from about 6.0 to 19.0 ksi.inch1/2 (6.6 to 20.9 MPa.m1/2).  
Furthermore, subsurface crack length measurements were used to assess and calibrate the 
Rotating-Probe Eddy Current system.   Results showed that eddy-current signal levels 
increased with the increase in the subsurface crack length.  In general, the trends for the 
different cracks were repeatable with a reasonable scatter. 
 
8.5. Crack Linkup and Subsequent Growth 
A considerable part of the fatigue life of the fuselage panel (about 80%) was spent in 
crack initiation and subsurface crack growth.  Even when through-the-thickness cracks 
were observed in the lap joint, the panel sustained more than 25,000 fatigue cycles before 
crack linkup between two neighboring rivet holes occurred.  The first MSD crack linkup 
in the lap joint occurred between rivet holes A22 and A23 at 106,217 cycles.  The linkup 
resulted in a 2.87" (72.9-mm) long lead crack, which propagated at much faster rates than 
the individual MSD cracks emanating from the rivet holes.  Crack growth rates for the 
individual MSD cracks ranged from 10-6 to 10-4 inches/cycle (2.5×10-5 to 2.5×10-3 
mm/cycle) and for the lead crack from 10-4 to 1.0 inches/cycle (2.5×10-3 to 25.4 
mm/cycle). 
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Following the first crack linkup, there was a quick deterioration in the structural integrity 
of the lap joint.  The lead crack extended across 12 rivet holes in less than 1,250 fatigue 
cycles.  Because of the variations in the distribution of the hoop stress across the skin 
bay, the lead crack grew asymmetrically along rivet row ‘A’ of the lap joint.  For the final 
few load cycles, significant crack extension was observed during each cycle.  The fatigue 
test was terminated to conduct a residual strength test when the length of the lead crack 
reached 16.04" (416.56 mm). 
Fatigue crack growth analysis of crack progression following the first linkup between two 
rivet holes was conducted.  Stress-intensity factors results indicated that crack growth in 
the lap joint was under mixed-mode.  This was an expected result due to high local 
bending in the lap joint and due to skin bulging along the crack, especially as the crack 
length increased.  Nevertheless, results showed that the opening-mode stress-intensity 
factor was dominant.  Results of the fatigue crack growth analysis were in good 
agreement with the experimental measurements. 
After the fatigue test, the panel was subjected to quasi-static loads to determine its load-
carrying capacity.  Catastrophic failure occurred at an internal pressure of 17.83 psi when 
the lead crack extended instantaneously from 16.04" (416.56 mm) to a final length of 
75.80" (1.925 m).  No crack turning or flapping occurred during the final unstable crack 
extension.  Two major factors contributed to this behavior: (i) the presence of MSD 
cracks at the shear-clip rivet holes at the frame locations, which made it easier for the 
lead crack to cross over the frames instead of turning or stopping, and (ii) the presence of 
subsurface MSD cracks at most rivet holes in rivet row ‘A’ ahead of the lead crack, as 
indicated by eddy-current inspections and confirmed by fractographic examinations.  
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During the final failure of the panel, frames F3, F4, and F5 fractured completely under 
the lap joint. 
 
8.6. Recommendations for Future Research 
Multiple-site damage in fuselage lap joints is a highly random phenomenon for which 
complete understanding requires more than studying the physical aspects.  There is a 
need to incorporate the characteristics of MSD, such as those provided in the current 
study, in probabilistic analyses that account for the random nature of the problem.    In 
addition, the analytical crack growth simulations conducted in this study focused on post-
linkup crack progression.  More rigorous analytical simulations will be required to 
predict early crack growth.  Those analytical simulations should take into consideration 
the key parameters that influence subsurface crack growth, such as multiple crack origins 
and the complex stress field around the rivet hole. 
The current study showed the importance of local bending and rivet clamp-up forces on 
crack initiation and growth.  Future work could include further investigations on the 
combined effects of these two factors.  Since cracks were shown to grow significantly 
under the surface before becoming visible, there is a need for nondestructive inspection 
methods with the capability of providing a clear indication of the subsurface crack size.  
The Rotating-Probe Eddy Current system used for crack inspection in the current study is 
a promising technique that can be improved by conducting calibration studies including a 
wide range of subsurface cracking scenarios. 
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APPENDIX A 
STRAIN GAGE MEASUREMENTS AND COMPARISON WITH THE 
ANALYSIS PREDICTIONS 
 
 
 
 
This appendix includes the strain gage data recorded during the strain survey test.  The 
applied loading condition included 16-psi internal pressure and the balancing hoop, 
frame, and longitudinal loads, as listed in Table A.1.  The types of strain gages, coating, 
wire, and adhesive used are listed in Table A.2.  The locations of strain gages in the skin 
and substructure are shown in Figure A.1.  Strain gage measurements were plotted as a 
function of the applied pressure, Figures A.2 to A.16.  For each strain gage, the plots 
show results from four different strain survey test runs, including two test runs using air 
to pressurize the panel and two using water.  The plots also show strain predictions 
obtained from geometrically-nonlinear finite element analysis (indicated by solid lines in 
the plots).  The analysis predictions were calculated at ten equal load increments up to the 
maximum pressure of 16 psi. 
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Table A.1.  The maximum applied loads during load condition C of the strain survey test. 
Hoop,  kip (kN) Internal Pressure, 
psi (kPa) Skin Frames 
Longitudinal, 
kip (kN) 
16.0 (110.3) 98.4 (437.7) 19.9 (88.4) 29.6 (131.5) 
 
 
 
 
Table A.2. Types of strain gages, coating, wire, and adhesive used in the test. 
Gage No. Type Part No. Coating Wire Adhesive 
1-30 Uniaxial EA-13-062AQ-350 PR-1422 B-2 330-FTE M-Bond 200 
38-47 Uniaxial EA-13-062AQ-350 3140 RTV 326-DTV M-Bond 200 
31, 33, 37 Rosette WA-13-120WR-350 3140 RTV 326-DTV M-Bond 200 
32, 34, 37B Rosette WA-13-120WR-350 PR-1422 B-2 330-FTE M-Bond 200 
35, 36 Rosette WK-06-125RA-350 3140 RTV 326-DTV M-Bond 200 
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Figure A.1.  Strain gage locations in the skin (all dimensions are in inches). 
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Figure A.2.  Hoop strain measurements in the frames. 
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Figure A.3. Hoop strain in the frames (continued). 
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Figure A.4.  Hoop strain in the frames (continued). 
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Figure A.5.  Hoop strain in the frames (continued). 
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Figure A.6.  Longitudinal strain in the stringers. 
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Figure A.7.  Longitudinal strain in the stringers (continued). 
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Figure A.8.  Hoop strain at the skin mid bay. 
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Figure A.9.  Hoop strain at the skin mid bay (continued). 
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Figure A.10.  Forty-five-degree strain at the skin mid bay. 
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Figure A.11.  Forty-five-degree strain at the skin mid bay (continued). 
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Figure A.12.  Longitudinal strain at the skin mid bay. 
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Figure A.13.  Longitudinal strain at the skin mid bay (continued). 
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Figure A.14.  Hoop strain in the lap joint area. 
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Figure A.15.  Hoop strain in the lap joint area (continued). 
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Figure A.16. Hoop strain near the frame and near the skin mid bay. 
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APPENDIX B 
INSPECTION RESULTS OF THE ROTATING-PROBE EDDY CURRENT 
SYSTEM 
 
 
 
 
This appendix includes the results of crack inspections conducted during the fatigue test 
using the Rotating-Probe Eddy Current system.  The output of the system is a plot of the 
signal amplitude as a function of the angular location around the rivet hole (illustrated by 
the schematic in Figure B.1).  The system has an output threshold of 15 mV; signals 
higher than this threshold are reliable indications of subsurface damage.  During the 
fatigue test, the Rotating-Probe system was used to periodically inspect a total of 345 
rivet holes in the panel, including 60 rivet holes located in the lap joint’s upper rivet row 
(row ‘A’), 112 located in rivet row ‘B’, and 114 located in rivet row ‘C’.  The remaining 
59 rivet holes are the ones that attach the skin to the shear clips at the intersections of the 
frames and stringers.  The skin at these rivet holes is susceptible to MSD cracks.  Rivet 
row ‘D’ of the lap joint was not accessible for reliable eddy-current inspections during 
the test and was inspected only at the end of the fatigue test. 
Eddy-current inspections of all 345 rivet holes were conducted at an average interval of 
3,000 to 5,000 full-load cycles.  In addition, inspections of selected rivet holes were 
conducted at an average interval of 2,000 to 3,000 full-load cycles.  These selected rivet 
holes included:  (i) rivet holes in the critical upper rivet row of the lap joint, (ii) rivet 
holes that indicated inspection signals higher than the 15-mV threshold, and (iii) rivet 
holes that were leaking water during the test.  In total, 53 eddy current inspections were 
conducted during the course of the test, including 24 full inspections and 29 partial 
inspections.  More than 8,800 computer files were generated during these inspections.  
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Inspection results were placed in a database that was used to compare signal histories for 
each rivet hole to better track any changes. 
High eddy-current inspection signals were recorded at 53 rivet holes in the lap joint of the 
fuselage panel.  A list of the high-signal rivet holes is shown in Table B.1.  The rivet-hole 
designation system is illustrated in Figure B.2.  For each of the high-signal rivet holes 
located in rivet row ‘A’ of the lap joint, two plots are presented in this appendix.  The 
first plot shows signal amplitude as a function of the angular location around the rivet 
hole from five representative inspections.  The second plot shows the maximum 
amplitude of eddy-current signals as a function of the number of cycles.  The output 
threshold value of 15 mV is indicated in the plots by a solid horizontal line.  For the high-
signal rivet holes located elsewhere in the lap joint, only plots with the signal amplitude 
as a function of the angular location around the rivet hole from five representative 
inspections are presented in this appendix. 
Out of the 53 rivet holes with high eddy-current signals, 30 holes were located in rivet 
row ‘A’ of the lap joint (Figures B.3 to B.62), ten were located in rivet row ‘B’ (Figures 
B.63 to B.82), five were located in rivet row ‘C’ (Figures B.83 to B.95), three were 
located in row ‘D’ (Figures B.96 to B.95), and the remaining five were shear-clip rivet 
holes close to rivet row ‘A’ (Figures B.96 to B.105). 
  . 
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±180°
-90°+90°
0°
Rivet 
Hole
 
Figure B.1.  Angle orientation around the rivet hole. 
 
 
Table B.1.   A list of the rivet holes that indicated eddy-current inspection signal higher than 
the15-mV threshold. 
Rivet Row A Rivet row B 
Rivet row 
C 
Rivet row 
D 
Shear-clip 
rivet holes 
A3 
A4 
A6 
A7 
A8 
A9 
A10 
A11 
A12 
A13 
A14 
A22 
A23 
A24 
A26
A27 
A31 
A35 
A36 
A38 
A39 
A40 
A43 
A44 
A45
A46 
A47 
A52 
A60 
A61 
B14 
B16 
B28 
B43 
B48 
B55 
B67 
B70 
B75 
B117 
C5 
C21 
C22 
C27 
C96 
D39 
D41 
D44 
 
F1-5 
F2-5 
F3-5 
F4-5 
F5-5 
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F1 F2
A1
B1
C1
D1
F1-6
F1-5
A14
B25
C25
D14
F2-6
F2-5Bay-1
F2 F3
A14
B25
C25
D14
F2-6
F2-5
A26
B48
C48
D26
F3-6
F3-5
Bay-2
F4 F5
A39
B72
C72
D39
F4-6
F4-5
A51
B95
D51
F5-6
F5-5
C95
Bay-4
F5 F6
A51
B95
C95
D51
F5-6
F5-5
A64
B118
D64
F6-6
F6-5
C118
Bay-5
F3 F4
A26
B48
C48
D26
F3-6
F3-5
A39
B72
D39
F4-6
F4-5
D72
Bay-3
 
Figure B.2.  Rivet-hole designation system.
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Figure B.3.   Representative results of eddy-current inspections of rivet hole A3. 
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Figure B.4.  The evolution of eddy-current inspection signals at rivet hole A3. 
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Figure B.5.   Representative results of eddy-current inspections of rivet hole A4. 
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Figure B.6.  The evolution of eddy-current inspection signals at rivet hole A4. 
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Figure B.7.   Representative results of eddy-current inspections of rivet hole A6. 
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Figure B.8.  The evolution of eddy-current inspection signals at rivet hole A6. 
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Figure B.9.   Representative results of eddy-current inspections of rivet hole A7. 
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Figure B.10.  The evolution of eddy-current inspection signals at rivet hole A7. 
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Figure B.11.   Representative results of eddy-current inspections of rivet hole A8. 
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Figure B.12.  The evolution of eddy-current inspection signals at rivet hole A8. 
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Figure B.13.   Representative results of eddy-current inspections of rivet hole A9. 
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Figure B.14.  The evolution of eddy-current inspection signals at rivet hole A9. 
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Figure B.15.   Representative results of eddy-current inspections of rivet hole A10. 
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Figure B.16.  The evolution of eddy-current inspection signals at rivet hole A10. 
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Figure B.17.   Representative results of eddy-current inspections of rivet hole A11. 
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Figure B.18.  The evolution of eddy-current inspection signals at rivet hole A11. 
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Figure B.19.   Representative results of eddy-current inspections of rivet hole A12. 
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Figure B.20.  The evolution of eddy-current inspection signals at rivet hole A12. 
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Figure B.21.   Representative results of eddy-current inspections of rivet hole A13. 
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Figure B.22.  The evolution of eddy-current inspection signals at rivet hole A13. 
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Figure B.23.   Representative results of eddy-current inspections of rivet hole A14. 
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Figure B.24.  The evolution of eddy-current inspection signals at rivet hole A14. 
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Figure B.25.   Representative results of eddy-current inspections of rivet hole A22. 
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Figure B.26.  The evolution of eddy-current inspection signals at rivet hole A22. 
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Figure B.27.   Representative results of eddy-current inspections of rivet hole A23. 
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Figure B.28.  The evolution of eddy-current inspection signals at rivet hole A23. 
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Figure B.29.   Representative results of eddy-current inspections of rivet hole A24. 
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Figure B.30.  The evolution of eddy-current inspection signals at rivet hole A24. 
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Figure B.31.   Representative results of eddy-current inspections of rivet hole A26. 
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Figure B.32.  The evolution of eddy-current inspection signals at rivet hole A26. 
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Figure B.33.   Representative results of eddy-current inspections of rivet hole A27. 
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Figure B.34.  The evolution of eddy-current inspection signals at rivet hole A27. 
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Figure B.35.   Representative results of eddy-current inspections of rivet hole A31. 
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Figure B.36.  The evolution of eddy-current inspection signals at rivet hole A31. 
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Figure B.37.   Representative results of eddy-current inspections of rivet hole A35. 
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Figure B.38.  The evolution of eddy-current inspection signals at rivet hole A35. 
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Figure B.39.   Representative results of eddy-current inspections of rivet hole A36. 
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Figure B.40.  The evolution of eddy-current inspection signals at rivet hole A36. 
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Figure B.41.   Representative results of eddy-current inspections of rivet hole A38. 
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Figure B.42.  The evolution of eddy-current inspection signals at rivet hole A38. 
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Figure B.43.   Representative results of eddy-current inspections of rivet hole A39. 
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Figure B.44.  The evolution of eddy-current inspection signals at rivet hole A39. 
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Figure B.45.   Representative results of eddy-current inspections of rivet hole A40. 
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Figure B.46.  The evolution of eddy-current inspection signals at rivet hole A40. 
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Figure B.47.   Representative results of eddy-current inspections of rivet hole A43. 
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Figure B.48.  The evolution of eddy-current inspection signals at rivet hole A43. 
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Figure B.49.   Representative results of eddy-current inspections of rivet hole A44. 
Rivet hole A44
-20
-10
0
10
20
30
40
50
60
70
0 20,000 40,000 60,000 80,000 100,000 120,000
Number of Cycles
M
ax
im
um
 A
m
pl
itu
de
 (m
V
)  
Right
Left
 
Figure B.50.  The evolution of eddy-current inspection signals at rivet hole A44. 
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Figure B.51.   Representative results of eddy-current inspections of rivet hole A45. 
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Figure B.52.  The evolution of eddy-current inspection signals at rivet hole A45. 
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Figure B.53.   Representative results of eddy-current inspections of rivet hole A46. 
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Figure B.54.  The evolution of eddy-current inspection signals at rivet hole A46. 
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Figure B.55.   Representative results of eddy-current inspections of rivet hole A47. 
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Figure B.56.  The evolution of eddy-current inspection signals at rivet hole A47. 
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Figure B.57.   Representative results of eddy-current inspections of rivet hole A52. 
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Figure B.58.  The evolution of eddy-current inspection signals at rivet hole A52. 
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Figure B.59.   Representative results of eddy-current inspections of rivet hole A60. 
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Figure B.60.  The evolution of eddy-current inspection signals at rivet hole A60. 
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Figure B.61.   Representative results of eddy-current inspections of rivet hole A61. 
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Figure B.62.  The evolution of eddy-current inspection signals at rivet hole A 61.
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Figure B.63.   Representative results of eddy-current inspections of rivet hole B14. 
Rivet B16
Angle (Deg)
-180 -135 -90 -45 0 45 90 135 180
A
m
pl
itu
de
 (m
V
)
-90
-60
-30
0
30
60
90
120
Baseline
Cycle 28530
Cycle 53470 
Cycle 80250
Cycle 107458 
Rivet hole 16
A
m
pl
itu
de
 (m
V
)
 
Figure B.64.   Representative results of eddy-current inspections of rivet hole B16. 
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Figure B.65.   Representative results of eddy-current inspections of rivet hole B28. 
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Figure B.66.   Representative results of eddy-current inspections of rivet hole B43. 
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Figure B.67.   Representative results of eddy-current inspections of rivet hole B48. 
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Figure B.68.   Representative results of eddy-current inspections of rivet hole B55. 
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Figure B.69.   Representative results of eddy-current inspections of rivet hole B67. 
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Figure B.70.   Representative results of eddy-current inspections of rivet hole B70. 
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Figure B.71.   Representative results of eddy-current inspections of rivet hole B75. 
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Figure B.72.   Representative results of eddy-current inspections of rivet hole B117. 
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Figure B.73.   Representative results of eddy-current inspections of rivet hole C5. 
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Figure B.74.   Representative results of eddy-current inspections of rivet hole C21. 
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Figure B.75.   Representative results of eddy-current inspections of rivet hole C22. 
Figure B.76.  
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Figure B.77.   Representative results of eddy-current inspections of rivet hole C27. 
 
 284
Rivet C96
Angle (Deg)
-180 -135 -90 -45 0 45 90 135 180
A
m
pl
itu
de
 (m
V
)
-90
-60
-30
0
30
60
90
120
Baseline
Cycle 34870 
Cycle 53470 
Cycle 80250
Cycle 106680
Rivet hole C96
A
m
pl
itu
de
 (m
V
)
 
Figure B.78.   Representative results of eddy-current inspections of rivet hole C96. 
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Figure B.79.   Results of the eddy-current inspection of rivet hole D39 conducted at the end of the 
fatigue test (107,458 cycles). 
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Figure B.80.   Results of the eddy-current inspection of rivet hole D41 conducted at the end of the 
fatigue test (107,458 cycles). 
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Figure B.81.   Results of the eddy-current inspection of rivet hole D44 conducted at the end of the 
fatigue test (107,458 cycles). 
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Figure B.82.   Representative results of eddy-current inspections of rivet hole F1-5. 
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Figure B.83.   Representative results of eddy-current inspections of rivet hole F2-5. 
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Figure B.84.   Representative results of eddy-current inspections of rivet hole F3-5. 
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Figure B.85.   Representative results of eddy-current inspections of rivet hole F4-5. 
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Figure B.86.   Representative results of eddy-current inspections of rivet hole F5-5. 
 
 
 289
APPENDIX C 
CRACK LENGTH MEASUREMENTS  
 
 
 
 
This appendix includes tables of crack length measurements in the upper rivet row of the 
lap joint (row ‘A’). Subsurface crack lengths measured from fractographic examinations 
are shown first.  As discussed in chapter 6, the subsurface crack lengths were measured 
from marker-band plots at three locations: (i) near the faying surface, (ii) along the 
centerline, and (iii) near the free surface of the skin, Figure C.1.  
 
Near free surface
Along centerline
Near faying surface
Rivet hole 
bore
 
Figure C.1.   Subsurface crack lengths were measured from marker-band plots at three locations: 
near the faying surface, along the centerline, and near the free surface of the skin. 
 
Visual crack length measurements are also listed.  These measurements were recorded 
during the fatigue test using the narrow-field-of-view cameras of the Remote-Controlled 
Crack Monitoring system.  As discussed in chapter 5, some of the cracks in rivet row ‘A’ 
were initially observed at a distance away from the rivet hole.  For these cracks, crack 
length is defined as the distance between the edge of the rivet hole and the farthest crack 
tip (length AC in Figure C.2).  Measurements of the length of the uncracked ligament 
between the edge of the rivet hole and the nearest crack tip (length AB in Figure C.2) are 
also listed.  The number cycles when crack linkup back with the rivet hole occurred is 
indicated. 
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Figure C.2.  Definition of crack length for the cracks that were initially observed at a distance 
from the rivet hole. 
 
 
 
C.1.  Subsurface Crack Length Measurements 
 
Crack A23-R 
Faying Centerline Free
19461 0.0185
20461 0.0204
21461 0.0214
22461 0.0239
23461 0.0258
24461 0.0277
25461 0.0292
26461 0.0308
27461 0.0327
28461 0.0352
29461 0.0375
30461 0.0401
31461 0.0430
32461 0.0459
33461 0.0497
34461 0.0531
Subsurface Crack LengthCycles
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Crack A23-R, continued 
Faying Centerline Free
34461 0.0531
35461 0.0566
36461 0.0591
37461 0.0621
38461 0.0648
39461 0.0665
40461 0.0692
41461 0.0711
42461 0.0740
43461 0.0768
44461 0.0789
45461 0.0807
46461 0.0824
47461 0.0845 0.0594
48461 0.0871 0.0635
49461 0.0894 0.0677
50461 0.0923 0.0722
51461 0.0948 0.0751
52461 0.0984 0.0780
53461 0.1015 0.0818
54461 0.1045 0.0854
55461 0.1084 0.0891
56461 0.1110 0.0927
57461 0.1141 0.0969
58461 0.1173 0.1024
59461 0.1206 0.1061
60461 0.1242 0.1097
61461 0.1269 0.1137
62461 0.1313 0.1193
63461 0.1344 0.1256
64461 0.1378 0.1273
65461 0.1422 0.1326
66461 0.1468 0.1368
67461 0.1514 0.1410
68461 0.1567 0.1472
69461 0.1624 0.1533
70461 0.1682 0.1575
71461 0.1741 0.1636
Cycles Subsurface Crack Length
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Crack A23-R, continued 
Faying Centerline Free
72461 0.1808 0.1724
73461 0.1875 0.1781
74461 0.1961 0.1850
75461 0.2055 0.1919
76461 0.2114 0.2024 0.1433
77461 0.2196 0.2093 0.1504
78461 0.2282 0.2190 0.1651
79461 0.2383 0.2297 0.1762
80461 0.2485 0.2397 0.1917
81461 0.2569 0.2498 0.2016
82461 0.2683 0.2616 0.2146
83461 0.2880 0.2731 0.2288
84461 0.2955 0.2895 0.2444
85461 0.3079 0.2983 0.2592
86461 0.3203 0.3094 0.2706
87461 0.3310 0.3215 0.2857
88461 0.3415 0.3333 0.2970
89461 0.3551 0.3473 0.3138
90461 0.3721 0.3618 0.3285
91461 0.3853 0.3759 0.3427
92461 0.3992 0.3918 0.3574
93461 0.4239 0.4098 0.3763
94461 0.4367 0.4250 0.3912
95461 0.4495 0.4426 0.4163
96461 0.4614 0.4547 0.4321
97461 0.4820 0.4749 0.4449
98461 0.5011 0.4967 0.4596
99461 0.5275 0.5219 0.4849
100461 0.5533 0.5472 0.5219
101461 0.5777 0.5714 0.5430
Cycles Subsurface Crack Length
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Crack A23-L 
Faying Centerline Free
43640 0.0475
44640 0.0511
45640 0.0544
46640 0.0577
47640 0.0610
48640 0.0635
49640 0.0661
50640 0.0678
51640 0.0713
52640 0.0733
53640 0.0755
54640 0.0779
55640 0.0796
56640 0.0815
57640 0.0840
58640 0.0858
59640 0.0879 0.0703
60640 0.0896 0.0729
61640 0.0920 0.0743
62640 0.0937 0.0771
63640 0.0963 0.0793
64640 0.0987 0.0813
65640 0.1010 0.0848
66640 0.1043 0.0888
67640 0.1068 0.0906
68640 0.1101 0.0946
69640 0.1132 0.0992
70640 0.1166 0.1023
71640 0.1200 0.1064
72640 0.1232 0.1113
73640 0.1273 0.1150
74640 0.1308 0.1207
75640 0.1368 0.1256
76640 0.1413 0.1302
77640 0.1462 0.1377
78640 0.1528 0.1448
79640 0.1590 0.1517
80640 0.1650 0.1594
Cycles Subsurface Crack Length
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Crack A23-L, continued 
Faying Centerline Free
81640 0.1729 0.1668
82640 0.1795 0.1755 0.0944
83640 0.1872 0.1861 0.1227
84640 0.1989 0.1955 0.1363
85640 0.2095 0.2061 0.1481
86640 0.2213 0.2165 0.1601
87640 0.2295 0.2281 0.1720
88640 0.2434 0.2422 0.1877
89640 0.2536 0.2534 0.2030
90640 0.2644 0.2692 0.2171
91640 0.2802 0.2855 0.2321
92640 0.2943 0.2981 0.2480
93640 0.3084 0.3104 0.2618
94640 0.3219 0.3217 0.2765
95640 0.3332 0.3379 0.2899
96640 0.3503 0.3510 0.3066
97640 0.3650 0.3682 0.3196
98640 0.3803 0.3847 0.3381
99640 0.3976 0.4035 0.3594
100640 0.4185 0.4279 0.3823
101640 0.4429 0.4533 0.4043
102640 0.4668 0.4743 0.4220
Cycles Subsurface Crack Length
 
 
 
 
Crack A22-L 
Faying Centerline Free
44290 0.0543
45380 0.0561
46430 0.0580
47460 0.0612
48550 0.0631
49600 0.0649
50630 0.0671
51720 0.0671
52770 0.0693
53800 0.0711
Cycles Subsurface Crack Length
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Crack A22-L, continued 
Faying Centerline Free
54890 0.0740
55940 0.0766
56970 0.0798
58060 0.0838
59110 0.0875
60140 0.0889
61230 0.0926
62280 0.0951
63310 0.0981
64400 0.1006
65450 0.1035
66480 0.1061
67570 0.1097
68620 0.1126 0.0900
69650 0.1156 0.0984
70740 0.1185 0.1028
71790 0.1232 0.1086
72820 0.1269 0.1130
73910 0.1312 0.1192
74960 0.1345 0.1236
75990 0.1393 0.1272
77080 0.1444 0.1334
78130 0.1491 0.1393
79160 0.1546 0.1451 0.1043
80250 0.1608 0.1524 0.1156
81300 0.1677 0.1593 0.1261
82330 0.1742 0.1659 0.1349
83420 0.1826 0.1746 0.1451
84470 0.1899 0.1823 0.1542
85500 0.1969 0.1907 0.1622
86590 0.2041 0.1990 0.1721
87640 0.2111 0.2074 0.1801
88670 0.2198 0.2165 0.1892
89760 0.2326 0.2249 0.2016
90810 0.2406 0.2337 0.2129
91840 0.2508 0.2464 0.2231
92930 0.2625 0.2574 0.2366
Cycles Subsurface Crack Length
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Crack A22-L, continued 
Faying Centerline Free
93980 0.2738 0.2701 0.2483
95010 0.2862 0.2814 0.2617
96100 0.3018 0.2942 0.2749
97150 0.3142 0.3062 0.2894
98180 0.3314 0.3277 0.3051
99270 0.3485 0.3438 0.3223
100320 0.3634 0.3565 0.3376
101350 0.3809 0.3780 0.3547
102440 0.3937 0.3897 0.3656
Cycles Subsurface Crack Length
 
 
 
 
Crack A22-R 
Faying Centerline Free
40090 0.0169
41120 0.0196
42210 0.0238
43260 0.0262
44290 0.0280
45380 0.0304
46430 0.0328
47460 0.0346
48550 0.0365
49600 0.0378
50630 0.0391
51720 0.0402
52770 0.0428
53800 0.0436
54890 0.0454 0.0317
55940 0.0468 0.0349
56970 0.0476 0.0367
58060 0.0494 0.0391
59110 0.0507 0.0412
60140 0.0515 0.0431
61230 0.0542 0.0452
62280 0.0552 0.0470
Cycles Subsurface Crack Length
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Crack A22-R, continued 
Faying Centerline Free
63310 0.0563 0.0491
64400 0.0581 0.0518
65450 0.0595 0.0534
66480 0.0613 0.0560
67570 0.0632 0.0579
68620 0.0653 0.0597
69650 0.0671 0.0626
70740 0.0687 0.0645
71790 0.0708 0.0668
72820 0.0721 0.0695
73910 0.0748 0.0727
74960 0.0772 0.0756
75990 0.0793 0.0793
77080 0.0816 0.0822
78130 0.0838 0.0846
79160 0.0856 0.0869
80250 0.0883 0.0909
81300 0.0906 0.0938
82330 0.0949 0.0975
83420 0.0993 0.1012
84470 0.1038 0.1081
85500 0.1089 0.1134
86590 0.1152 0.1234
87640 0.1213 0.1303 0.0772
88670 0.1287 0.1385 0.0880
89760 0.1366 0.1480 0.0978
90810 0.1599 0.1052
91840 0.1731 0.1131
92930 0.1781 0.1218
93980 0.1879 0.1297
95010 0.1961 0.1427
96100 0.2074 0.1577
97150 0.2151 0.1704
98180 0.2241 0.1876
Cycles Subsurface Crack Length
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Crack A24-R 
Faying Centerline Free
36680 0.0045
37680 0.0072
38680 0.0114
39680 0.0126
40680 0.0132
41680 0.0142
42680 0.0161
43680 0.0184
44680 0.0187
45680 0.0212
46680 0.0245
47680 0.0251
48680 0.0276
49680 0.0294
50680 0.0313
51680 0.0330
52680 0.0363
53680 0.0376
54680 0.0384
55680 0.0399
56680 0.0406
57680 0.0425
58680 0.0444
59680 0.0453
60680 0.0473
61680 0.0489
62680 0.0512
63680 0.0534
64680 0.0563
65680 0.0572
66680 0.0589
67680 0.0604
68680 0.0620
69680 0.0631
70680 0.0641
71680 0.0662
72680 0.0675
73680 0.0690
74680 0.0707
Cycles Subsurface Crack Length
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Crack A24-R, continued 
Faying Centerline Free
75680 0.0713
76680 0.0723
77680 0.0738
78680 0.0748
79680 0.0757
80680 0.0779
81680 0.0793
82680 0.0805 0.0699
83680 0.0823 0.0748
84680 0.0836 0.0778
85680 0.0854 0.0805
86680 0.0879 0.0821
87680 0.0889 0.0845
88680 0.0907 0.0868
89680 0.0921 0.0895
90680 0.0939 0.0923
91680 0.0957 0.0956
92680 0.0979 0.0980
93680 0.1001 0.1016
94680 0.1028 0.1051
95680 0.1062 0.1086
96680 0.1082 0.1127
97680 0.1131 0.1177
98680 0.1171 0.1225
99680 0.1217 0.1280
100680 0.1274 0.1344
101680 0.1336 0.1416
102680 0.1408 0.1502
103680 0.1493 0.1592
104680 0.1637 0.1816 0.0950
105680 0.1932 0.1153
106680 0.1399
Cycles Subsurface Crack Length
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C.2.  Visual Crack Length Measurements 
 
Crack A23-R 
Cycles Crack Length Uncracked Ligament Cycles Crack Length
80550 0.1258 0.0804 97510 0.4001
80800 0.1430 0.0768 97680 0.4008
81300 0.1593 0.0752 98180 0.4144
81580 0.1619 0.0720 98770 0.4200
81830 0.1624 0.0693 99270 0.4364
84220 0.2359 0.0458 99320 0.4384
84500 0.2381 0.0415 99820 0.4422
86640* 0.2710 100320 0.4542
87640 0.2739 100350 0.4547
89260 0.2820 100850 0.4632
89810 0.2830 101350 0.4789
90310 0.2861 101440 0.4837
90810 0.3028 101940 0.4931
91340 0.3055 102440 0.5064
91840 0.3103 102490 0.5123
92430 0.3178 103000 0.5221
92990 0.3248 103490 0.5401
93480 0.3328 103520 0.5443
93980 0.3408 104020 0.5581
94510 0.3436 104520 0.5786
95010 0.3577 104611 0.5875
95600 0.3690 105110 0.6002
96150 0.3815 105610 0.6240
96400 0.3837 105660 0.6349
96650 0.3860 106020 0.6571
97150 0.3970 106160 0.6697  
* Indicates number of cycles when crack linked back with the rivet hole. 
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Crack A23-L 
Cycles Crack Length Uncracked Ligament Cycles Crack Length
88390 0.1542 0.0965 99320 0.3325
89450 0.1692 0.0886 99820 0.3438
89810 0.1772 0.0836 100320 0.3520
90310 0.1842 0.0774 100350 0.3532
90810 0.2000 0.0753 100850 0.3638
90840 0.2077 0.0567 101350 0.3771
91340 0.2064 0.0475 101440 0.3816
91840* 0.2089 101940 0.3912
92430 0.2148 102440 0.4053
92930 0.2302 102490 0.4107
93480 0.2404 103000 0.4249
93980 0.2438 103490 0.4450
94510 0.2534 103520 0.4466
95010 0.2617 104020 0.4640
96150 0.2792 104520 0.4832
96650 0.2913 104611 0.4920
97150 0.3057 105110 0.5181
97680 0.3113 105610 0.5530
98180 0.3166 105660 0.5647
98770 0.3257 106020 0.6064
99270 0.3299 106160 0.6538  
* Indicates number of cycles when crack linked back with the rivet hole.
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Crack A22-L 
Cycles Crack Length Uncracked Ligament Cycles Crack Length
89450 0.1023 0.0802 99820 0.2804
89810 0.1042 0.0769 100320 0.2833
90310 0.1465 0.0652 100350 0.2944
90810 0.1501 0.0571 100850 0.2971
91340 0.1525 0.0505 101350 0.3150
92430 0.1765 0.0449 101440 0.3170
92805 0.1774 0.0432 101940 0.3299
93480 0.1805 0.0345 102440 0.3402
93980 0.1838 0.0339 102490 0.3411
94510* 0.1921 103000 0.3656
95010 0.2027 103490 0.3673
95600 0.2156 103520 0.3677
96100 0.2170 104020 0.3860
96400 0.2227 104520 0.3956
96650 0.2287 104611 0.4008
97150 0.2421 105110 0.4100
97510 0.2504 105610 0.4411
98180 0.2556 105660 0.4435
98770 0.2626 106020 0.4643
99270 0.2699 106160 0.4758
99320 0.2728  
* Indicates number of cycles when crack linked back with the rivet hole.
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Crack A22-R 
Cycles Crack Length Uncracked Ligament Cycles Crack Length
96970 0.0851 0.0592 101940 0.2289
97180 0.0918 0.0516 102440 0.2354
97510 0.1137 0.0159 102490 0.2371
97680* 0.1199 103000 0.2502
98180 0.1276 103490 0.2632
98270 0.1287 103520 0.2670
98770 0.1406 104020 0.2828
99270 0.1549 104520 0.3028
99320 0.1554 104611 0.3103
99820 0.1607 105110 0.3317
100320 0.1737 105610 0.3599
100350 0.1776 105660 0.3743
100850 0.1865 106020 0.4110
101350 0.2031 106160 0.4598
101440 0.2045  
* Indicates number of cycles when crack linked back with the rivet hole. 
 
Crack A24-L 
Cycles Crack Length
106644 0.0280
106660 0.0323
106680 0.0644
106690 0.0810
106726 0.1325
106765 0.2120  
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Crack A24-R 
Cycles Crack Length Cycles Crack Length
106680 0.1060 107162 0.6634
106680 0.1112 107182 0.7127
106690 0.1142 107202 0.7592
106726 0.1396 107222 0.7901
106781 0.1747 107242 0.8517
106830 0.2152 107262 0.9023
106930 0.2985 107282 0.9906
107032 0.4126 107302 1.1228
107124 0.5974 107316 1.3030
107142 0.6238  
 
 
Crack A21-L 
Cycles Crack Length Cycles Crack Length
107124 0.0372 107316 0.4710
107162 0.0886 107336 0.5819
107182 0.1188 107345 0.6294
107202 0.1521 107355 0.6862
107222 0.1856 107365 0.7629
107242 0.2090 107375 0.8517
107262 0.2616 107385 0.9362
107282 0.3311 107395 1.0143
107302 0.3907 107405 1.2471  
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Crack A25-R 
Cycles Crack Length
107345 0.0313
107355 0.0773
107365 0.1131
107375 0.1872
107385 0.2306
107395 0.3744
107405 0.5363
107415 0.6659  
 
 
Crack A20-L 
Cycles Crack Length
107395 0.1113
107405 0.1715
107415 0.3062
107425 0.5472
107435 0.9252
107437 1.2968  
 
 
Crack A26-R 
Cycles Crack Length
107425 1.0079
107435 1.0513
107437 1.1378
107445 1.2350  
Crack A19-L 
Cycles Crack Length
107437 0.2445
107445 0.6304
107455 1.3166  
 
 
Crack A18-L 
Cycles Crack Length
107455 0.4357
107456 0.5739
107457 0.7160
107458 1.3141  
 
 
Crack A27-R 
Cycles Crack Length
107455 0.1110
107456 0.1198
107457 0.1425
107458 0.1839  
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